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SUMMARY 


Tests  were  conducted  during  a  one-year  field 
program,  ending  In  November  1964,  to  study  the  one- 
pass  performance  of  self-propelled  vehicles  in  nat¬ 
ural,  weak,  fine-grained  soils.  Four  types  of  vehicle 
tests  were  run;  self-propelled,  drawbar  pull,  speed 
and  maneuver.  Tests  were  run  with  a  number  of 
tracked  and  wheeled  vehicles  over  a  range  of  test 
weights,  tire  pressures,  and  soil  strengths,  and  in 
two  soil  types.  The  field  program  and  subsequent 
analyses  had  the  following  purposes; 

1)  to  develop 

a.  a  reliable  strength  index  for  fine-grained 
soils  with  which  predictions  may  be  made 
of  the  performance  of  a  vehicle  on  its  first 
pass  on  a  straight,  level  course,  and 

b.  a  nominal  vehicle  load  index  to  be  used 
with  the  soil  strength  index  to  establish 
whether  or  not  a  vehicle  will  go;  and 

2)  to  provide  means  to  predict 

a.  one-pass  drawbar  pull  and  slope  perfor¬ 
mance  in  soils  having  strengths  in  excess 
of  the  minimum  required  for  one  vehicle 
pass  on  level  terrain, 

b.  the  Increment  of  soil  strength  index  nec¬ 
essary  to  permit  a  vehicle  to  maneuver 
freely,  and 

c.  the  probable  maximum  speed  of  a  vehicle 
operating  in  a  terrain  situation  where  the 
soil  strength  index  exceeds  the  net  vehicle 
load  index. 

From  mid-October  1963  to  mid-January  1964, 
testing  was  done  in  a  heavy  clay  (CH)*  at  Lake  Cen- 


♦Soll  types  in  this  report  are  classified  ac¬ 
cording  to  the  Unified  Sc  1  Classification  System. 


tennlal,  Mississippi;  and  for  two  weeks  in  February 
and  March  1964,  in  a  clayey  silt  (ML)  and  silty  clay 
(CL)  at  Grenada,  Mississippi.  In  addition,  explora¬ 
tory  tests  not  programmed  in  the  original  one-pass 
study  were  conducted  at  two  sites,  Fort  Stewart, 
Georgia,  and  Camp  Shelby,  Mississippi,  during  April 
and  May  1964.  Soils  at  these  sites  were  silty  sands 
(SM)  with  perched  water  tables  (water  table  less 
than  15  Inches  from  the  soil  surface).  Both  the  Lake 
Centennial  and  Grenada  test  sites  were  revisited 
during  the  latter  half  of  1964,  but  conditions  were 
unfavorable  and  it  was  not  possible  to  develop  the 
full  range  of  test  data  at  these  areas  that  had  been 
anticipated. 

Relationships  were  first  developed,  from  semi- 
empiric  analyses  of  the  basic  field  measurements 
and  data  from  past  WES  traffic  ability  testing,  as 
applicable,  between  soil  strength  and  vehicle  straight- 
line,  level,  go/no-go  performance.  Using  these  re¬ 
sults  as  a  basis,  further  approximate  expressions 
were  then  developed  for  vehicle  drawbar  pull,  ma¬ 
neuver  strength  requirements,  and  maximum  speed 
as  functions  of  soil  strength. 

First-order  answers  are  proposed  to  the  five 
basic  questions  posed  at  the  project  outset.  These 
answers  utilize  minor  adaptations  of  techniques  and 
concepts  developed  by  WES  in  their  50-pass  traffi- 
cabllity  work,  and  define  modified  “vehicle  cone  in¬ 
dices"  (VCIj)  8011  "rating  cone  index”  (RCU) 
procedures  appropriate  to  the  one-pass  problem. 
The  ratio  (VCIi/RCIi)  is  used  as  the  basic  soil 
loading  numeric  in  simple  approximate  calculations 
of  drawbar  pull,  grade  performance,  soil  strength 
Increments  necessary  to  permit  free  maneuvering, 
and  probable  maximum  speeds,  all  as  influenced 
by  soil  strengths. 
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PREFACE 


Tests  conducted  during  a  one-year  investigation 
of  the  one-pass  performance  of  vehicles  In  natural 
soils  are  reported.  Although  the  data  available  from 
this  program  are  not  complete  enough  In  any  sec¬ 
tion  of  the  program  to  permit  definitive  treatment, 
the  results  provide  useful  first-order  answers  to 
basic  questions  of  performance  levels  of  military 
vehicles  during  a  single  pass  in  weak,  fine-grained 
soils. 

This  study  was  conducted  by  Wilson,  Nuttall, 
Ralmond  Engineers,  Inc.  (WNRE),  under  Contract  No. 
DA  22-079-eng-394  with  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES).  It  comprises 
a  portion  of  the  mobility  environmental  research 
study  (MERS),  sponsored  by  the  Office,  Secretary  of 
Defense  (OSD),  Advanced  Research  Projects  Agency 


(ARPA),  Directorate  of  Remote  Area  Conflict,  for 
which  WES  is  the  prime  contractor,  and  the  U.  S. 
Army  Materiel  Command  (AMC)  is  the  service  agent. 
The  broad  mission  of  Project  MERS  is  to  develop 
a  significant  research  effort  to  study  the  plvslcal 
environment  as  it  affects  design  and  employment  of 
materiels  systems,  with  special  emphasis  upon  South¬ 
east  Aslan  environments.  The  funds  employed  for 
this  study  were  allocated  to  WES  through  AMC, 
under  ARPA  Order  No.  400.  In  particular,  the  work 
is  concerned  with  the  development  of  one-pass  soil 
trafflcabillty  criteria. 

Field  data  were  collected  by  engineers  and  tech¬ 
nicians  of  the  Trafflcabillty  Section,  Army  Mobility 
Research  Branch,  Mobility  and  Environmental  Di¬ 
vision,  under  the  technical  monltorshlp  of  WNRE. 
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LIST  OF  SYMBOLS 


running  gear  material  to 


soil  adhesion  (psi) 

-  vehicle  frontal  area  (ft2) 

*  undeflected  tire  section 

width  (in.) 

=  trcck  width  (in.) 

■  engine  brake  horse¬ 
power  (HP) 

«  apparent  soil 

cohesion  (psi) 

■  surface  intercept  of 
linearized  curve  of 

cone  index  to  depth  (psi) 

»  cone  index  (psi) 

«  cone  index  measured 
with  WES  cone  pene¬ 
trometer  having  3/8" 
diameter  shaft  (psi) 

*  cone  index  measured 

with  WES  cone  pene¬ 
trometer  having  5/8" 
diameter  shaft  (psi) 

■  average  cone  index  of 

a  soil  bed  considered 
to  be  approximately 
uniform  with  depth  (psi) 

■  average  cone  index  for 

soil  bed  layers  between 
depth  Zi  and  Z2  (psi) 

■  undeflected  tire 

outside  diameter  (in.) 

■  bogie  wheel  diameter  (in.) 

■  wheel  diameter  over 

rim  flange  (in.) 

*  maximum  drawbar  pull  of  a 

vehicle  in  a  soil  (lb) 

-  maximum  drawbar  pull  of  a 
single  wheel  or  track 

in  a  soil  (lb) 

■  Young's  modulus  for 

soil  (psi) 


running  gear  material 
to  soil  coefficient 
of  friction 

rubber  to  soil  coefficient 
of  friction 

average  gradient  of  soil 

cone  index  with 

depth  (lb/in.3) 

vehicle  gradeability 


h  ■  tire  section  height 

over  rim  flange  (in.) 

IIP,  «  driving  power  avail¬ 
able  at  wheel(s)  or 
sprocket(s)  (HP) 

k,K  ■  various  constants 

K  ■  surface  shear  strength 
parameter 

l  »  effective  contact  length 
of  wheel  or  tire  (in.) 

L  ■  length  of  track  on 

(hard,  level)  ground  (in.) 

M  -  moment  resisting  rotation 
r  of  a  vehicle  during  a 

turn  (lb  ft) 

n,m  -  various  constants 

n.  »  number  of  bogie  wheel 
°  stations  per  track 

N  •  radius  ratio/slip  parame¬ 
ter 

p  ■  average  pressure  resisting 
plate  penetration  (psi) 

(P)  »  number  of  passes  completed 
in  same  ruts 

q  ■  soil  bearing  capacity^sij 

q 1  ■  Evans'  nominal  peak  soil 
loading  under  a  track^jj 

q  ■  soil  bearing  capacity  at 
c  which  vehicle  immobili¬ 

zation  becomes  imminent 

(psi) 

q  -  nominal  unit  ground 
n  pressure  of  a  track 

or  wheel  (psi) 

Q  *  driveline  torque  required 
to  maintain  a  steady  turn 
of  radius  rt  (lb  ft) 

Q  «  driveline  torque  required 
*  for  straight,  level,  slow- 
speed  operation  (lb  ft) 

r  -  undeflected  tire  outside 
radius  (in.) 

r*  -  vehicle  turning 
c  radius  (in.) 

R  >  gross  equivalent  motion 
resistance  from 
soil  action  (lb) 

IR  -  total  vehicle  motion 
resistance  from  all 
sources  (lb) 


air  resistance  (lb) 

external  motion  resistance 
due  to  soil  plastic 
flow  (lb) 

total  external  motion 
resistance  arising 
from  soil  action  (lb) 

resistance  from  track 

or  tire  internal 

losses  (lb) 

standard  WES  rating 
cone  index  (psi) 

average  rating  cone 
index  for  one-pass 
predictions  (psi) 

RCIi  for  the  surface, 

0-1"  soil  layer  (psi) 

standard  WES  remolding 
index 

remolding  correction 
factor  for  one-pass 
predictions 

soil  shear  strength  as 
measured  by  the  British 
vane  tester  (psi) 

slip  ratio 

contact  area  of  track (s) 
or  wheel(s)  and  soil^in 

tread  width  (in.) 

maximum  groas  traction 
developable  by  a  vehicle 
in  soil  (lb) 

traction  developed  by  the 
inside  track 

traction  developed  by  the 
outside  track 

maximum  gross  traction  of 
a  single  track  or  tire  db) 

total  traction  available 
while  turning 

vehicle  speed  (mph) 

slip  speed  (mph) 

wheel  or  track  peripher¬ 
al  speed  (mph) 


VCI  ■  standard  WES  vehicle 

cone  index  (psi) 

VCI)  ■  vehicle  cone  index  for 
straight,  level,  self- 
propelled  operation  in 
soil  of  uniform  strength 
with  depth  (psi) 

VCI^  ■  VCIi  when  soil  strength  is 
not  uniform  with  depth, 
i.e.,  Kt  f  1  (psi) 

VCIi"  ■  VCIi  for  free  maneuvering 
during  self-propelled 
operation  in  level  soil 
whose  strength  is  uniform 
with  depth  (psi) 

W  ■  gross  vehicle  weight  (lb) 

W_  ■  gross  vehicle  weight 

(short  tons) 

Wj  -  gross  vertical  load  on  a 
single  tire  or  track  (lb) 

y  *  track  pitch  (in.) 

z  -  vehicle  sinkage  (in.) 

zo*zi»z2  ■  soil  depths,  measured 

from  the  surface  (in.) 

«  •  radial  tire  deflection 
under  vertical  load  on 
a  hard  surface  (in.) 

a  •  tire  deflection/tire 
section  height 

n  ■  ratio  of  horsepower  avail¬ 
able  at  wheel (s)  or 
sprocket(s)  to  overall 
engine  brake  horsepower 

o  ■  unit  normal  loading  on 

soil  in  shear  (psi) 

t  *  soil  unit  shearing 

resistance  (psi) 


(t/o) 


t/o  as  determined  from 
Cohron  sheargraph  measure¬ 
ments,  evaluated  at 
a  ■  10  psi 

apparent  angle  of  internal 
friction  of  soil 


INTRODUCTION 


The  continuing  WES  research  on  the  relation¬ 
ships  between  soil  strength  as  measured  by  the  cone 
penetrometer  (and  associated  procedures)  and  the 
performance  of  a  wide  range  of  vehicles  has  re¬ 
sulted  in  a  practical,  reasonably  accurate  field  method 
for  predicting  the  go/no-go  trafficability  of  a  given 
soft  soil  terrain  to  a  given  vehicle.  Moreover,  the 
complete  program  has  prod'iced  methods  for  esti¬ 
mating,  from  other  observations,  the  effective  soil 
strengths  (in  terms  of  cone  Indices  and  rating  cone 
indices)  for  areas  where  on-the-ground  tests  are 
either  impractical  or  impossible.  The  basic  “go” 
criterion  adopted  for  each  vehicle  has  been  the  suc¬ 
cessful  completion  of  50  passes  with  the  vehicle 
traveling  in  the  same  ruts,  on  level  ground  and  in  a 
straight  line  path.  At  the  time  this  project  began, 
tt.e  method  had  been  extended  to  the  prediction  of 
approximate  drawbar  pull  and  slope-climbing  ability, 
and,  still  more  approximately,  to  the  estimation  of 


soil  strength  required  by  a  vehicle  for  one-pass, 
straight,  level  operation,  and  for  extreme  maneuvers. 

The  one-pass  study  reported  herein  is  Intended 
to  meet,  at  least  temporarily,  growing  needs  for  more 
valid  estimates  of  first-pass  performance,  both  on  a 
go/no-go  basis  and  in  terms  of  probable  maximum 
speed  when  conditions  are  “go”  but  still  less  than 
entirely  hard.  In  addition,  prediction  of  vehicle  per¬ 
formance  in  real  terrains,  encompassing  soils  and 
obstacles  and  slopes,  requires  estimates  of  the  in¬ 
crement  of  soil  strength  necessary  for  a  given  ve¬ 
hicle  when  steering  is  needed. 

At  the  outset  of  this  study,  it  was  envisioned 
that  the  conclusions  it  reached  would  be  subjected 
to  further  checking  and  refinement  during  later 
stages  of  the  MERS  effort.  However,  the  MERS 
work  was  reprogrammed  after  the  first  year  to  seek 
somewhat  more  restricted  objectives. 


OBJECT 


It  was  the  object  of  this  program 

1)  to  develop  and  validate,  within  one  year's 

time,  working  first-order  definitions  of: 

a  a  reliable  strength  Index  for  fine-grained 
soils  with  which  predictions  may  be  made 
of  the  go/no-go,  first-pass  performance  of 
a  vehicle  operating  in  a  straight  path  over 
level  terrain,  and 

b.  its  corollary,  a  nominal  vehicle  load  index 
to  be  used  with  the  soil  strength  index  to 
establish  whether  or  not  a  vehicle  will  go; 
and 

2)  to  provide  means  to  predict: 

a.  one-pass  drawbar  pull  and  slope  perfor¬ 
mance  in  soils  having  strengths  in  excess 
of  the  minimum  required  for  one  vehicle 
pass  on  level  terrain, 

b.  the  increment  of  soil  strength  Index  nec¬ 


essary  to  permit  a  given  vehicle  to  ma¬ 
neuver  freely  during  a  single  pass,  and 
c.  the  probable  maximum  speed  of  a  given 
vehicle  operating  In  a  terrain  situation  where 
the  soil  strength  Index  exceeds  the  net  ve¬ 
hicle  load  Index. 

It  was  recognized  that  a  reasonably  complete 
solution  to  any  one  of  the  above  problems  was,  In 
Itself,  a  tall  order.  Emphasis  was  placed  rather  upon 
arriving  In  each  case  at  the  best  working  solutions 
possible  within  approximately  one  year’s  time,  in 
order  to  permit  concurrent  Held  survey  and  vehicle 
test  programs  to  proceed  on  as  sound  a  basis  as 
possible.  These  “one-year”  answers  are  supplement¬ 
ed  by  an  estimate  of  their  probable  precision  and 
generality,  a  statement  of  their  known  limitations, 
and  an  outline  of  further  work  required  to  Improve 
their  usefulness. 


BASIC  APPROACH 


Explicit  In  the  project  object  was  the  require¬ 
ment  for  validated,  working  answers,  within  a  limit¬ 
ed  time  frame,  to  a  number  of  practical  but  complex 
vehlcle/soll  performance  questions.  Implicit  was  the 
fact  that  the  nearly  twenty-five  years  of  prior  field, 
laboratory,  and  theoretical  work,  while  It  had  de¬ 
veloped  considerable  understanding,  had  not  provided 
the  validated,  working  answers  needed.  Accordingly, 
the  program  to  attain  the  project  goals  was  based 
upon  a  flexible,  semi-empiric  plan  using  available 
general  understanding  of  vehlcle/soll  relationships  and 
results  obtained  from  field  tests  of  prototype  vehicles 
operating  In  natural  soils. 

Data  available  from  prior  test  programs  were 
to  be  utilized  where  available,  and  were  to  be  sup¬ 
plemented  by  results  from  a  modest  field  program 
to  be  conducted,  for  support  purposes,  In  the  general 
area  of  Vicksburg,  Mississippi.  In  the  new  program, 
self-propelled,  drawbar  pull,  speed,  and  maneuver 
tests  were  to  be  conducted  with  a  small  selection  of 
tactical  military  vehicles  In  several  types  of  fine¬ 
grained  soils. 

The  demonstrated,  practical  field  success  of  the 
WES  cone  penetrometer  procedures  and  extensions 
thereof  In  meeting  50-pass  traffic  ability  prediction 
problems  suggested  that  these  procedures  could  be 
further  developed  to  cope  with  the  new,  but  evidently 
related,  one-pass  prediction  needs.  The  program  was 
therefore  oriented  from  the  outset  towards  the  use 
of  the  cone  penetrometer  (and  subsidiary  Instru¬ 
ments)  as  the  basic  system  for  measuring  soli 
strengths  In  conjunction  with  vehicle  performance 
data.  The  considerable  analytical  and  laboratory 
work  by  Sherratt,  Evans,  and  Uffelmann  on  vehicle 
performance  In  clays  [summarized  as  of  1955  by 
Uffelmann  In  Reference  1]*  and  on-golng  WES  re¬ 
search  In  controlled  laboratory  soil  bins,  using  the 
cone  penetrometer  as  the  basic  soil  Instrument  (since 
synthesized  by  Frettag  in  Reference  2],  further  sup¬ 
ported  such  an  approach.  It  was,  of  course,  antici¬ 
pated  that  the  consolidation  of  measurements  made 
by  the  cone  penetrometer  and  associated  procedures 


*Numbers  In  brackets  refer  to  references  tabu¬ 
lated  beginning  on  page  33. 


Into  a  soil  strength  Index  applicable  to  the  one-pass 
problem  might  differ  from  that  found  suitable  for 
50-pass  predictions.  Principal  among  the  50-pass 
procedure  details  which  were  to  be  critically  re¬ 
viewed  in  the  new  light  were  the  designation  of  a 
“critical  layer"  and  appropriate  Interpretation  of 
“remolding  indices"  [3]. 

It  was  also  anticipated  that,  during  a  first  pass, 
“slipperiness"  or  traction  failure  would  often  limit 
vehicle  performance  rather  than  bearing  failure,  al¬ 
though  in  the  50-pass  studies  this  was  rare.  In  the 
1962  fMd  trials  in  Panama  [4],  reported  “sllpperl- 
ness"  Immobilizations  were  numerous.  The  ccr.c 
penetrometer,  as  might  be  expected  where  the  action 
of  a  thin  surface  layer  governed  performance,  ap¬ 
peared  to  be  a  relatively  insensitive  Indicator  of 
this  behavior.  Accordingly,  an  exploratory  field  study 
was  planned  to  establish  approximate  ranges  of 
“sllpperlness"  indices  (such  as  external  and  Internal 
friction  and/or  cohesion  of  surface  soil  layers) 
associated  with  the  test  soli  types,  as  functions  of 
the  cone  Indices  of  the  basic  soil  body,  surface  and 
underlying  moisture  content.  The  light,  portable 
Cohron  shear  graph  [5]  was  selected  as  the  field  In¬ 
strument  for  use  In  measuring  shear  strengths  In 
the  soil  surface  layers. 

The  semi-empiric  analytical  framework  within 
which  the  Held  test  program  was  designed  was  out¬ 
lined  at  the  outset  of  the  project  [6].  It  Included 
an  analytically  based,  statistically  oriented  com¬ 
puter  program  to  facilitate  objective  selections,  from 
analyses  of  the  field  data,  of  an  optimum  cone  pene¬ 
trometer  interpretation  and  of  corresponding  numeri¬ 
cal  values  for  the  one-pass  vehicle  cone  index  (VCIi)* 
for  each  test  vehicle  [7]. 

Inasmuch  as  it  was  planned  tobase slope,  drawbar, 
maneuver,  and  speed  criteria  upon  the  basic  RCIi- 
VCIj  relationship,  the  development  of  VCIi  informa¬ 
tion  and  of  corresponding  procedures  for  determining 
RCIj  was  given  priority  in  both  tests  and  detailed 
analyses. 


•Both  RCI  and  VCI  are  familiar  terms  in  WES 
50-pass  traftlcablllty  work.  The  subscript  "1"  is 
added  to  each  to  denote  similar  concepts  in  rela¬ 
tion  to  one-pass  performance. 


TESTING  CHRONOLOGY 


Selection  of  the  cone  penetrometer  approach  to 
soil  strength  measurement  made  potentially  useful 
much  of  the  unique  and  extensive  vehicle  perfor¬ 
mance/soil  strength  data  collected  by  WES  over  the 
18  years  of  their  work  on  50-pass  traffic  ability.  As 
another  part  of  the  overall  program,  these  past  WES 
data  were  consolidated  in  a  uniform  format  [8]  and, 
under  the  present  study,  were  examined  for  re¬ 
sults  pertinent  to  the  one-pass  study.  Unfortunately, 
the  records  contained  relatively  little  data  useful  in 
the  present  context.  The  earlier  Investigations  were 
concerned  primarily  with  50-pass  criteria,  and  con¬ 
sequently  tests  were  deliberately  conducted  in  soils 
of  higher  strengths  than  those  which  produce  early 
Immobilizations.  Many  of  the  earlier  Investigations 
were  in  prepared  lanes  and  therefore  could  shed 
no  direct  light  upon  remolding  phenomena.  Later 
tests  often  omitted  soil  measurements  determined  pre¬ 
viously  to  be  unnecessary  for  the  50-pass  work, 
but  now  considered  of  Interest  In  the  one-pass  analyses. 


As  It  became  clear  that  usahle  past  data  were  rot 
as  extensive  as  had  been  hoped  for  Initially,  the  pro¬ 
gram  was  reoriented  to  Obtain  more  new  basic  field 
data  than  was  originally  planned.  The  required  new 
tests  began  in  haste,  on  a  limited  scale,  on  21  Octo¬ 
ber  1963  In  order  to  capitalize  upon  advantageous 
river-stage  conditions  which  made  certain  heavy 
clay  (CH)  test  areas  Ideal  for  testing  In  the  im¬ 
mediate  vicinity  of  Vicksburg  (Lake  Centennial) 
available  at  that  time  (Fig.  1).  Considerable  data 
on  self-propelled  performance  of  the  vehicles  were 
developed  during  the  period  21  October  through  18 
January  1964.  Tests  were  terminated  due  to  a  rise  In 
the  Mississippi  River  level  which  inundated  the  test 
area. 


Fig.  1.  General  view  of  Lake  Centennial  test  site. 


An  exploratory  two-week  program  wasconducted 
in  clayey  silt  (ML)  and  silty  clay  (CL)  In  the  vicinity 
of  Grenada  (Fig.  2)  from  25  February  through  6 
March  1964.  Although  the  soil  mass  strength  levels 
appeared  suitable,  frequent,  heavy  rains  caused  ve¬ 
hicle  drawbar  pull  to  be  appreciably  lower  than  was 
expected  on  the  basis  of  average  cone  index  values 
(surface  shear  strength  being  the  Influencing  factor 
rather  than  the  mass  soil  strength)  (Fig.  3).  Tests 
were  terminated  when  rising  water  flooded  all  test 
areas. 


Fig.  2.  General  view  of  Grenada  Lake  test  site. 


The  work  at  Grenada  reemphasized  the  impor¬ 
tance  of  surface  soil  strength  (sllpperlness)  on  ve¬ 
hicle  one-pass  behavior,  particularly  with  regard  to 
drawbar  pull  and/or  slope  performance.  A  “slipperi- 
ness”  test  program  was  Initiated  at  WES  In  mid- 
March  1964  using  three  vehicles  on  two  prepared 
courses,  one  having  a  heavy  clay  and  the  other  a 
clayey  silt.  However,  this  was  preempted  by  an  Im¬ 
mediate  requirement  by  WES  for  data  on  the  per¬ 
formance  of  vehicles  In  silty  sands  with  perched 
water  tables,  necessitating  test  programs  at  two 
areas  —  one  at  Fort  Stewart,  Georgia  (Fig.  4), 
and  the  second  at  Camp  Shelby,  Mississippi  (Fig.  5) 
—  during  April  and  May  1964.  Surface  traction 
tests  were  resumed  at  WES  during  a  six-week  periou 
In  June-July  1964. 


Testing  In  heavy  clay  at  Lake  Centennial  was 
resumed  In  July  1964  and  continued  until  the  end 
of  September  1964,  when  a  combination  of  heavy 
vegetal  growth  and  surface  crusting  (and  cracking) 
of  the  soil  (Fig.  6)  made  further  testing  unreward¬ 
ing. 


6.  Shrinkage  cracks  In  CH  soil  still  present 
from  previous  year  after  6-8  months  of 
Inundation. 


Fig.  4.  Fort  Stewart  test  site. 


A  second  series  of  tests  In  the  clayey  slit  (ML) 
and  silty  clay  (CL)  soils  at  Grenada  was  Initiated 
In  early  October  1964  and  continued  intermittently 
until  1  December  1964,  at  which  time  all  field  tests 
were  suspended  due  to  a  declaim  to  terminate 
further  Investigations  under  this  task.  As  In  the  pre¬ 
vious  program  at  Grenada,  frequent  rains  caused 
variations  In  the  surface  strength  of  the  soil  and 
these  variations  are  reflected  In  the  data  collected, 


particularly  In  the  drawbar  and  maneuver  tests. 


Eight  hundred  and  thirty-five  tests  were  con¬ 
ducted  during  the  period  reported.  Of  these,  480 
tests  were  conducted  in  CH  soil  at  Lake  Centennial, 
127  In  ML  and  CL  soils  at  Grenada,  211  In  SM  soil 
at  Fort  Stewart  and  Camp  Shelby,  and  17  tests  were 
conducted  on  the  two  surface  traction  courses  at 
WES. 


THE  TEST  VEHICLES 


The  field  test  program  ultimately  embraced,  at 
one  point  or  another,  20  different  vehicles  repre¬ 
senting  a  range  of  running  ge?~  types,  gross  weights 
up  to  about  20,000  pounds,  and  average-to-good  over¬ 
all  practical  mobility.  They  are  shown  In  Figures 
7  to  26.  Several  of  these  vehicles,  immobilized  In 


weak  soils  on  early  passes,  are  shown  In  Figures 
27  to  38.  Principal  characteristics  of  each  of  the 
20  vehicles  are  summarized  In  Tables  1  and  2. 

Five  vehicles  of  particular  Interest  from  the  re¬ 
search  viewpoint  were  Initially  selected  as  the ‘back¬ 
bone”  of  the  test  program.  These  were: 


Normal 

Nominal  unit 

Tracked  vehicles 

test  weight 

ground  presst 

1)  M29C  Weasel 

5,960  lb. 

1.9  psl 

2)  D4  Standard  Tractor 
w.  standard  13”  tracks 

13,580  lb. 

4.6  psl 

3)  Polecat  (a  4-track 
articulated  vehicle 
using  Weasel  tracks 
and  suspension) 

12,580  lb. 

2.0  psl 

Wheeled  vehicles 

4)  M37,  3/4T,  4x4,  7,240  lb.  11.8  pal* 

w.  9.00-16  8PR  tires 

5)  M35A1,  2-1/2T,  6x6,  19,410  lb.  14.0  psi* 

w.  11.00-20  12PR 

single  tires 


Vehicles  1,  3,  4,  and  5  were  Instrumented  by  means 
of  commercial  torquemeters  for  the  measurement 
of  driveline  torque  during  drawbar  pull  and  maneuver 
tests. 

The  D4  (vehicle  3)  was  tested  during  the  first 


Fig.  7.  M274,  1/2-ton,  4x4  weapons  carrier  with 
7.50-10  tires. 


test  phase  at  Lake  Centennial  for  the  development  of 
self-propelled  and  drawbar  pull  criteria.  It  was  sub¬ 
sequently  replaced  as  one  of  the  prime  vehicles  In 
the  program  by  an  M29C  Weasel  equipped  with  12- 
lnch  tracks,  and  hence  having  a  nominal  unit  ground 
pressure  of  3.2  psl.  This  vehicle  was  equipped  with 
a  driveline  torquemeter,  so  that  In  the  later  tests 
all  of  the  principal  vehicles  were  so  equipped. 

The  six  principal  vehicles  were  of  particular 
Importance  In  the  planned  development  of  maneuver¬ 
ing  and  speed  criteria,  where  the  tests  were  de¬ 
signed  to  examine  a  number  of  simple,  first-order 
hypotheses  concerning  the  relationships  between  each 
of  these  desired  performance  features,  VCIi  and  RCIi. 


*  Nominal  unit  ground  pressure  for  tires  is  taken 
to  be 

NUGP  s  Wi/br 

where  Wj  :  average  single  tire  load,  lb 
b  :  undeflected  tire  section  width,  In. 
and  r  '  undeflected  tire  radius,  In. 
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Fig.  12.  M151,  1/4-ton,  4x4  Jeep  with  9.00-14  smooth 


Fig.  8.  M151,  1/4-ton,  4x4  truck  with  7.00-16  tires. 


Fig.  13.  M151,  1/4-ton,  4x4  jeep  with  36. 

Terrs- Tires. 


9.  M37,  3/4-ton,  4x4  tru.'k  with  9.00-16  tires. 


Fig.  14.  M37,  3/4-ton,  4x4  truck  with  46.00-18  Terra- 
Tires. 


Fig.  10.  M39A1,  2-1/2-ton,  6x6  truck  with  11.00-20 
single  tandem  tires. 


Fig.  11.  M274,  1/2-ton,  4x4  weapons  carrier  with 
16.00-19  Terra-Tires. 


Fig.  19.  M29C  cargo  carrier  with 


Fig.  16.  M29C  cargo  carrier  with  12"  track*. 


Fig.  20.  M5A4  high-speed  tractor, 


Fig.  21.  D4  engineer  tractor, 


Fig.  17.  “Dinah”  articulated  cargo  carrier, 


Fig.  22.  M56  self-propelled  gun. 


Fig.  18.  Polecat  Model  941  articulated  personnel 
carrier. 


Fig.  23.  M116  cargo  carrier, 
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Fig.  36.  D4  with  24"  tracks.  Immobilized  on  3rd  pass 


Fig.  32.  M37  with  46.00-18  Terra-Tires.  Immobi 
llzed  on  4th  pass. 


Fig.  37.  M5A4.  Immobilized  on  1st  pass. 


tracks,  immobilized  on  18th 


Fig.  33.  M29C  with  20 
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TEST  SOILS 


Major  test  areas  were  In  two  natural  terrains 
having,  respectively: 


1)  a  heavy  clay  soli  (CH)  (Lake  Centennial  area), 
and 

2)  clayey  silt  (ML)  and  silty  clay  (CL)  soils 
(Grenada  Lake,  Mississippi). 

Gradation  curves  of  these  soils,  and  of  those  at  Fort 


Stewart  and  Camp  Shelby  as  well,  are  given  in 
Figvres  m-1  to  HI-4  of  Appendix  QL 

Within  each  area  and  soil  type,  soils  having  a  wide 
range  of  soil  strengths  as  measured  by  cone  indices 
(with  and  without  various  detrrees  nf  remolding 
corrections)  were  utilized.  This  range  was  the  result 
primarily  of  difference*  In  natural  moisture  content 
at  the  time  anchor  precise  place  of  the  tests.  Suitable 
test  areas  having  still  other  soli  types  could  not 
be  located  In  the  Mississippi  area  during  this  program. 
The  tests  accordingly  were  limited  to  only  the  two 
fine-grained  soils  areas. 


TEST  PROCEDURES 


Field  Soil  Tests 

Procedures  and  techniques  developed  In  earlier 
WES  Investigations  [9]  were  used  In  measuring  soli 
properties  and  In  collecting  samples  for  laboratory 
analysis  (Figs.  39-42).  In  addition,  the  Cohron  shear- 
graph  was  used  to  measure  surface  shear  strength  of 
the  soils.  The  manner  of  Its  use  Is  given  In  Reference 
5  (Fig.  43). 


Stlt-Prwmtd  Trims  UMi 

Self-propelled  teats  were  also  conducted  in  the 
same  general  manner  as  In  previous  WES  SO-pass 


Fig.  40.  Measurement  of  soil  strength  profile  (along 
test  lane)  with  cone  penetrometer. 


trafflcabllity  programs,  except  that  it  was,  of  course, 
necessary  to  select  lower  soli  strength  levels  In  order 
to  obtain  one-to-ten-pass  immobilizations. 


Fig.  39.  After  -  traffic  soli  measurements  In  low 
strength  (3-9  layer  RCI»  5)  solL  Note  use 
of  “duck”  boards. 


Drawbar  Pull  Teats 

Drawbar  tests  were  run  by  connecting  the  test 
vehicle  to  a  drag  vehicle  by  means  of  a  tow  cable 
and  load  cell  (Fig.  44).  Drawbar  load  was  adjusted  by 
adjusting  the  speed  of  the  drag  vehicle  (and  hence 
teat  vehicle  slip)  while  maintaining  a  constant,  nominal 
test  vehicle  track  or  wheel  speed  of  approximately  X 
miles  per  hour.  Drawbar  pull  and,  In  those  vehicles 
equipped  with  torquemeters,  driveline  torqua  were 
measured. 


slip  tests  toward  the  water  thus  provided  a  record 
of  drawbar  pull  versus  more-or-less  continuously 
decreasing  soil  strength.  This  procedure  greatly 
expedited  testing,  but  the  vehicle  at  any  Instant  was, 
In  effect,  operating  on  soil  of  varying  strength  through¬ 
out  its  running  gear  length.  Average  soil  strength 
values  paired  with  each  drawbar  measurement  thus 
have  a  slightly  greater  uncertainty  than  might  have 
been  attained  by  tests  In  more  nearly  constant  con¬ 
ditions.  It  was  considered  that  the  Increase  In  the 
number  of  valid  data  points  available  irore  than  com¬ 
pensated,  statistically,  for  the  probable  slight  degra¬ 
dation  of  accuracy  of  Individual  points.  Moreover, 
had  the  tests  been  run  parallel  to  the  water,  some¬ 
what  the  same  uncertainty  as  to  soil  strength  would 
have  existed  from  one  side  of  the  vehicle  to  the  other. 


Fig.  41.  Field  party  measuring  remolding  index  and 
collecting  molsture/denslty  samples. 


During  the  first  program  atLakeCentennlal,  draw¬ 
bar  tests  were  run  by  regulating  the  drag  load  so  that 
a  continuous  record  of  pull  was  made  between  no 
load  and  the  load  that  caused  a  test  vehicle  to  slip 
approximately  100  percent.  The  drawbar  pull  record 
was  then  examined  for  maximum  pull,  and  soil 
data  were  obtained  In  the  area  of  occurrence  of  maxi¬ 
mum  pull.  For  these  tests  slip  was  not  measured. 
While  these  first  tests  were  underway,  Instrumenta¬ 
tion  to  measure  slip  was  assembled  and  a  subsequent 
series  of  drawbar  tests  covered  the  slip  range  from 
0  to  70  or  80  percent.  In  these  latter  tests,  both  draw¬ 
bar  pull  and  slip  were  measured,  and  it  was  determined 
from  these  that  maximum  pull  In  all  of  the  tests 
occurred  at  approximately  20  percent  slip  for  wheeled 
vehicles  and  40  percent  for  tracked  vehicles  (see 
Figs.  45  and  46).  Subsequent  drawbar  tests  of  each 
vehicle  accordingly  were  run  at  constant  slips  of 
20  and  40  percent  only.  This  provided  approximate 
maximum  pulls  for  either  tracked  or  wheeled  vehicles 
as  wen  as  aata  for  each  at  the  same  slip,  for  direct 
comparison  If  desired. 


In  order  to  obtain  a  maximum  range  of  soil 
strengths  at  Lake  Centennial,  test  lanes  were  ar¬ 
ranged  perpendicular  to  the  water's  edge.  Constant 


Fig.  43.  Shear  graph  being  used  to  measure  surface 
shear  strength. 


one  of  a  clayey  Hit  and  the  other  of  a  heavy  clay. 
Preparation  consisted  of  blading  and  rolling.  Both 
courses  were  compacted  to  provide  a  0-6-lnch 
Cl  of  300-plus  In  order  to  minimize  rutting  when 
trafficked.  The  surface  strength  of  the  two  test 
courses  was  varied  by  sprinkling  and/or  flooding. 
Surface  shear  graph  measurements  and  moisture  con¬ 
tent  samples  were  taken  along  each  course  just  before 
use. 

Drawbar  tests  were  conducted  with  three  vehicles: 
the  M29C,  the  M37  4x4  with  9.00-16  tires,  and  the 
M3IA1  4x4  with  6.00-16  tires.  Tests  consisted  of 
measuring  drawbar  pull  and  torque  in  each  case  at 
20  and  40  percent  slip,  to  conform  to  the  drawbar 
determinations  made  In  other  parts  of  the  program. 

The  heavy  clay  traction  course,  partly  due  to  the 
necessity  of  using  fill  material  and  partly  due  to 
frequent,  heavy  rains,  was  never  really  uniform  in 
strength  In  the  surface  layer,  and  consistently  pro- 


Flg.  42.  Measuring  after -traffic  soli  strength  in  rut 
created  by  vehicle. 


Fig.  44.  M29C  equipped  for  drawbar  test.  Note  5th 
wheel,  load  cell,  and  Instrument  cluster  for 
driver. 


duced  erratic  test  results.  Tests  In  the  clayey  silt 
traction  course  produced  results  of  somewhat  better 
quality,  but  alternate  periods  of  heavy  rain  and  high 
ambient  temperatures  (and  high  drying  rate)  caused 
rapid  changes  In  the  surface  moisture  content,  and 
consequently  In  surface  shear  strength  which,  as 
could  be  expected,  also  made  for  poor  control  over 
test  conditions. 


Speed  Tests 

Full-throttle  speed  tests  were  run  on  selected 
vehicles  In  several  soil  strengths.  Care  was  taken  to 


Insure  a  long  enough  run  to  reach  equilibrium.  In 
each  test  the  procedure  was  to  operate  the  vehicle 
In  a  gear  which  caused  the  full  throttle  engine  speed 
(read  on  a  tachometer)  to  stabilize  at  a  level  below 
the  maximum  allowable  (or  the  governed  speed). 
Upon  reaching  a  stable  speed,  a  marker  was  thrown 
from  the  vehicle  and  a  stop  watch  was  started.  At 
the  end  of  a  fixed  time  period  (5  or  10  seconds)  a 
second  marker  was  thrown  and  the  gear  position, 
engine  speed,  distance  traveled,  and  elapsed  time 
were  recorded.  Insofar  as  possible,  these  tests  were 
made  along  a  test  lane  selected  to  have  a  reasonably 
uniform  strength  throughout  Its  lengi  The  results 
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Fig.  49.  Polecat  undergoing  maneuver  tests.  M29C 
on  left  is  instrumentation  vehicle. 


Fig.  48.  Accumulation  of  soli  on  articulated  steering 
mechanism  of  Dinah. 


were  markedly  Influenced  by  the  amount  of  soil  ac¬ 
cumulated  In  the  running  gear  of  the  vehicle  before 
and/or  during  the  course  of  the  run  (Figs.  47-48). 


For  each  of  the  basic  vehicles,  torque  was 
measured  vta  propeller  shaft  torquemeters  while 
operating  lr.  soils  of  various  strength  when  proceeding 
in  a  straight  line;  on  one  or  more  fixed  radii  less 
than  minimum;  and  on  the  minimum  radius  of  which 
each  is  capable  (Fig.  49).  The  tests  were  con¬ 


ducted  in  lanes  of  various  radii  established  to  pro¬ 
vide,  again  insofar  as  possible,  uniform  soil  strength. 
The  test  vehicle  was  operated  in  its  lowest  gear  at 
an  engine  speed  giving  a  nominal  forward  speed  of 
2  miles  per  hour.  Torque,  engine  speed,  slip,  rut 
width,  rut  depth,  and  soil  strength  were  measured  and 
recorded.  As  in  the  speed  tests,  problems  of  soil  uni¬ 
formity  and  soil  accumulation  in  the  running  gear 
were  encountered.  Both  problems  were  exaggerated 
by  the  curved  path. 


INSTRUMENTATION 


Electronic  transducers  and  event  markers  were 
used  to  obtain  continuous  measurements  of  engine 
speed,  wheel  or  track  speed  and  slip,  driveline 
torque,  drawbar  pull,  distance  traveled,  and  elapsed 
time.  These  were  recorded  on  a  vehicle- mounted 
10-channel  oscillographic  recorder  with  associated 
amplifiers  (Fig.  50).  The  110-volt,  a.  c.  voltage  re¬ 
quired  was  obtained  from  an  engine-driven  generator 
mounted  on  the  instrumentation  vehicle. 

Drawbar  pull  was  measured  by  a  commercial 
strain-gaged  load  cell  connected,  via  tow  cable,  be¬ 
tween  the  test  and  the  drag  vehicles  (Fig.  51). 

Englne/drlveline  rotations  were  counted  by  a 
cam-actuated  microswitch  attached  to  the  speedo¬ 
meter  take-off  on  the  vehicle  transmission  and  were 
recorded  on  the  oscillograph  as  a  series  of  event 
marks.  A  second  cam-actuated  mlcroswltch  mounted 
on  a  trailing  fifth  wheel  gave  a  similar  record  of 
distance  traveled  by  the  fifth  wheel.  Pretest  call- 


Flg-  50.  View  inside  Instrumentation  vehicle  showing 
arrangement  of  recorders,  amplifiers,  etc. 


permitted  ready  calculation  of  slip  and  various  speeds 
In  the  system. 

The  fifth  wheel  was  also  equipped  with  a  d.c. 


bration  on  a  hard  surface  provided  values  of  distance 
traveled  per  <<pip”  for  each  of  these  event  marks. 
Comparison  of  event  marks  with  each  other  and  with 
the  timing  lines,  recorded  continuously  on  the  chart. 


generator  whose  voltage  output  was  linearly  propor¬ 
tional  to  speed.  This  drove  a  meter  calibrated,  for 
each  of  the  test  vehicles,  directly  in  percent  slip. 
The  meter  was  used  by  the  drag  vehicle  operator 


Fig.  51.  M29C  undergoing  drawbar  pull  tests  at  Gren¬ 
ada  Lake  test  site. 


in  regulating  his  throttle  to  provide  the  approxi¬ 
mate  desired  slip  during  a  test. 

Each  test  vehicle  was  equipped  with  an  electric 
tachometer  by  means  of  which  the  driver  was  able 
to  adjust  the  engine  speed  to  produce  a  traction 
element  speed  (relative  to  the  vehicle)  of  approxi¬ 
mately  2  miles  per  hour. 

Several  of  the  test  vehicles  were  equipped  with 
commercial  driveline  torquemeters,  with  which  drive 
shaft  torque  was  continuously  measured  and  recorded 
during  maneuver  and  drawbar  tests  (Fig.  52). 


Fig.  52.  M2BC  drive  shaft  torquemeter. 


A  manually  operated  switch,  connected  to  an  event 
marker  in  the  recorder,  was  used  to  Indicate  on  the 
oscillograph,  for  later  coordination  with  other  logged 
data,  occurrences  such  as  passing  a  test  lane  marker, 
crossing  an  obstacle  or  old  ruts  In  the  test  lane,  or 
other  observable  conditions  likely  to  produce  erratic 
results. 

A  major  component  of  the  instrumentation  package 
was  the  Intercommunication  system, by  meansofwhlch 
the  drivers  of  the  test  and  drag  vehicles,  the  in¬ 
strument  operator  and  the  test  engineer  maintained 
constant  voice  contact.  The  system  used  was  one  in 
which  all  stations  were  "open"  in  order  that  the 
personnel  involved  might  have  free  use  of  both  hands 
during  the  test  operation. 


TEST  RESULTS 


The  complete  data  from  all  vehicle  field  test  WES  for  their  own  future  reference.  The  coding  used 


ANALYSES 


Because  of  their  seml-emplrlc  nature,  the  analy¬ 
ses,  as  they  developed,  did  not  follow  the  original 
outline  In  detail.  The  emerging  data  altered  the  order 
of  precedence  of  some  factors  originally  proposed. 
In  other  cases  the  data  did  not  have  the  precision 
needed  to  treat  some  of  the  secondary  effects  con¬ 
templated  in  the  original  program.  In  still  others, 
complex  factors  which  were  not  amenable  to  treat¬ 
ment  within  the  present  time  frame,  such  as  the 
soil/vehlcle  relationships  governing  the  loadlng-up 
of  suspension  In  sticky  soils,  proved  to  have  effects 
upon  measurements,  such  as  speed,  which  tended  to 
mask  the  effects  of  the  basic  mass  soli- strength 
variable.  Continuing  exposure  to  the  on-golng,  re¬ 
lated  work  on  soll/vehlcle  relationships  of  other  per¬ 
sons  anchor  organizations  also  provided  new  Insights. 


The  crux  of  the  study  lay  In  unraveling  from  the 
data  a  rational,  workable  soli  strength  Index.  The 
pattern  and  progress  of  such  a  seml-emplrlc  pro¬ 
cess  Is  often  orderly  only  In  retrospect.  This  is  a 
retrospective  account. 

The  data  available  for  the  determination  of  a  first  - 
pass  trafflcablllty  criterion  consist  of: 

1)  Measured  drawbar  pull  maxima  for  14  vehicles 
and/or  load  conditions  In  two  soil  types,  each 
at  several  strengths  characterized  by  measured 
cone  penetrometer  profiles  and  standard  re¬ 
molding  Index  determinations;*  and 

2)  number  of  passes  completed  In  the  same  ruts 
(traffic  tests)  for  45  vehicle  configurations  (36 
from  present  tests,  nine  from  past)  in  several 
soils,  again  of  various  strengths  as  recorded 
by  standard  WES  cone  penetrometer  procedures. 

The  basic  approach  In  analyzing  these  data  was  to 
treat  the  two  performance  parameters  for  all  vehicles 
(maximum  drawbar  pull  in  the  pull-slip  tests,  passes 
completed  In  the  self-propelled  traffic  tests)  as  In¬ 
dependent,  single-valued  monotonlc  functions  of  a  given 
soil  strength  Index.  Several  different  soil  strength 


Indices,  all  derived  by  manlpulationofthecorrespond- 
ing  cone  penetrometer  and  remolding  measurements, 
were  tried.  A  curve  of  visual  best-fit  was  drawn 
and  extended  as  necessary  to  obtain  an  intercept  at 
zero  drawbar  pull  or  one-pass  completed,  as  appro¬ 
priate.  The  Intercept  value  from  a  given  exercise 
was  taken  as  the  estimate  of  VCIi  for  ike  vehicle, 
type  of  test  (drawbar  or  traffic),  and  structure  of 
soil  strength  Index  Involved.  Where  both  drawbar 
and  traffic  test  data  were  available  on  a  vehicle,  the 
two  plots  (maximum  drawbar  pull  and  passes  com¬ 
pleted)  were  made  on  a  common  soil  strength  index 
base,  and  the  assumption  made  In  fitting  the  two 
curves  that  they  should  have  the  same  Intercept; 
l.e.,  that  when  the  soil  strength  Is  Just  sufficient 
to  support  one  pass  of  a  vehicle  there  Is  no  excess 
of  drawbar  pull,  and  vice  versa*  (see  Figure  84, 
for  example).  The  exercise  was  repeated  for  various 
reasonable  configurations  of  the  strength  Index  In 
terms  of 


1)  averages  of  measured  cone  Indices  In  soil 
layers  of  several  thicknesses,  at  several  depths 
In  the  soli  (6  -12",  0  -18",  etc.),  each  modi¬ 
fied  by 

2)  the  application  of  various  percentages  of  the 
total  reduction  In  strength  due  to  remolding 
determined  by  the  standard  WES  method. 

A  computerized  manipulation  of  the  data  was  set 
up  and  conducted  under  a  subcontract  by  the  David¬ 
son  Laboratory,  Stevens  Institute  of  Technology  [7], 
In  this. program  the  many  computations  for  various 
forms  of  Index  were  carried  out,  a  least-mean  squares 
beat-fit  made  for  each  form,  the  corresponding  In¬ 
tercepts  Obtained,  and  several  simple  statistical 
measures  of  “goodness  of  fit"  calculated.  The  form 
of  the  curve  fit  to  the  drawbar  data,  selected  after 
a  review  of  avail  a/'a  theoretical  and  laboratory  re¬ 
sults  [6],  was 


D/W  •  Kj  -  Kj/CI 1 

where  D/N  ■  drawbar  pull/gross 
vehicle  weigh f 

and  Cl'  •  the  soil  strength  index 


*Durlng  the  spring  of  1964,  WES  altered  their 
standard  cone  penetrometer  from  one  having  a  5/8- 
lnch  diameter  shaft  to  one  having  a  3/8 -Inch  diameter 
shaft.  It  was  desired  to  express  the  results  of  this 
study  In  terms  of  measurements  of  the  new  standard 
Instruments.  It  was  therefore  necessaryto,<correct" 
some  of  the  earlier  data.  For  this  purpose,  simple 
approximate  relationships  were  developed  experi¬ 
mentally  during  the  remainder  of  the  program  (Ap¬ 
pendix  V). 


•Note  that  a  vehicle  operating  In  fine-grained 
soil  of  the  absolute  minimum  strength  In  which  It 
will  continue  to  function  will,  In  general,  be  pro¬ 
ceeding  with  considerable  slip.  The  zero-pull  point 
will,  accordingly,  be  a  true  member  of  the  20-40 
percent  slip  —  or  maximum  EBP  —  data  family 
In  this  case,  even  though  this  Is  not  necessarily 
eo  In  the  case  of  multipass  trafflcablllty. 
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In  the  absence  of  any  theoretical  considerations,  a 
linear  relationship  between  passes  completed  (P) 
and  strength  was  arbitrarily  used,  as  follows: 

(P)  •  K(CI '  -  CIo*). 

ihe  thought  was  implicit  in  the  ovarall  treat¬ 
ment  that  that  configuration  of  the  basic  cone  pene¬ 
trometer  data  which  most  reduced  "scatter1  ’  in  the 
performance/strength  relationships  would  probably 
be  the  most  useful  and  "correct."  However,  de¬ 
spite  its  arithmetic  and  logical  complexity  when  re¬ 
duced  to  a  rigorous,  objective,  decision-making  pro¬ 
cedure,  the  program  proved  too  naive.  It  did  not 
provide  for  elements  of  selection  and  Judgment  actually 
utilized  in  less-formalized,  subjective  handling  of  the 
data.  Its  results  showed  no  useful  consistency,  and 
proved  to  confuse  rather  than  clarify  the  picture. 
No  doubt  a  more  sophisticated  program  could  be 
developed  which  would  perform  better.  However, 
neither  time  nor  funds  nor  experience  encouraged 
further  work  along  these  lines  at  this  time. 

A  rapid,  manual  reassessment  of  a  broader  range 
of  possibilities  in  handling  the  data  than  encom¬ 
passed  in  the  computer  approach,  and  using  more 
complex  Judgment  bases,  was  subsequently  under¬ 
taken.  During  this  period  the  WES  laboratory  test 
work  on  tires  in  sand  and  clay,  which  had  been  un¬ 
derway  for  several  years,  matured  and  was  consoli¬ 
dated  by  Freltag  [2],  His  synthesis,  taken  with  trends 
which  were  emerging  in  the  on-going  treatment  of 
the  field  data  and  with  considerable  general  back¬ 
ground  on  vehicle-soils  relationships,  suggested  ara- 
tional  and  potentially  more  general  approach  to  the 
critical  problem  of  selecting  an  appropriate  layer 
within  the  soil  mass  over  which  to  average  the  mea¬ 
sured  cone  indices  (with  or  without  some  degree  of 
remolding  correction).  The  reasoning  involved  is 
detailed  in  Appendix  IL  From  this  it  was  decided 
to  try  layer  rules  for  tires  and  tracks  as  follows: 

tlres--surface  to  s  depth  ■  /bds 
tracks- -surface  to  depth  •  bt 

where  b  *  undeflected  tire  section 
width 

d  ■  undeflected  tire  outside 
dissMter 

a  ■  tiro  deflection  retio 
•  l/h 

i  ■  radial  deflection  of  tire 
on  s  hard  surface,  under 
test  load  and  at  test 
inflation 

h  ■  section  height  over  ria 

flange 

-  O.S(d  -  drf) 

d  .  ■  wheel  disaster  over  ria 
rf  flange 

and  bt  ■  track  width. 

The  computer  results  demonstrated  that  selection 
of  a  proper  remolding  adjustment  required  simul¬ 
taneous  consideration  of  soil  types  of  significantly 


different  sensitivity.  The  Lake  Centennial  (CH)  and 
Grenada  Lake  (CL  and  ML)  data  were  used  for  the 
purpose.* 

Finally,  a  review  was  made  of  the  abundant, 
simple,  but  largely  unsubstantiated  theoretical  treat¬ 
ments  of  vehlcle/soil  relationships  published  over 
the  past  20  years,  to  establish  a  general  form  of  the 
relationship  to  be  expected  between  the  minimum  soil 
strength  at  which  a  given  vehicle  may  operate  (on 
a  steady,  straight,  level  course)  and  the  basic  char¬ 
acteristics  of  that  vehicle.  (In  cone  index  —  RCIj  — 
terms,  this  minimum  strength  defines  the  vehicle 
cone  index,  VCI,.)  The  result,  u  devmtooed  in  Ap¬ 
pendix  I,  is,  unremarkably,  that  for  either  wheeled 
or  tracked  vehicles 

VCI,  -  ICqB  (1) 

where  •  nominal  unit  ground 

n  pressure  of  the  vehicle. 

For  tracked  vehicles 

•  "t/btl  .  (2) 

and  for  wheeled  vehicles 

qB  •  Wi/br  (3) 

where  Nt  ■  the  gross  load  on  a 

single  tire  or  track, 
lb 

L  *  nominal  contact  length 
of  a  track  on  hard 
ground,  in. 

and  r  •  undeflected  tire  out¬ 

side  radius,  in. 

This  consideration  was  Incorporated  as  part  of 
the  value  Judgment  in  assessing  the  probable  validity 
of  various  layer-rule/remolding  treatments  of  the 
soil  data 

The  major  results  applicable  to  one-pass  soil 
trafflcabillty  criteria  are  as  follows: 

1.  RCIj :  Based  upon  analyses  of  the  data  in 
CH  and  CL  and  1IL  soils,  along  the  lines  discussed, 
the  following  definition  for  RCIg  is  proposed: 

*CI,  ■  -L  P'  (Cl  x  RIJdx  5  («) 

where  Cl  •  cone  index  aeasured  at 
depth  s 

RI,  -  the  refolding  correction 

-  0. 5 (1+RI) 

•Vehicle  immobilizations  during  tests  at  Camp 
Shelby  and  Fort  Stewart  in  silty  sands  upon  perched 
water  tables  appeared  to  be  qualitatively  different 
from  those  in  the  fine-grained  soils,  suggesting 
that  pore  water  behavior  may  play  a  significant  role 
in  this  situation.  In  any  event,  the  data  from  the 
Camp  Shelby  and  Fort  Stewart  tests  did  not  lend 
themselves  to  the  above  analysis  and  accordingly 
were  not  pooled  with  the  fine-grained  soil  tests  in 
these  analyses.  The  soil  type  involved  is  Important 
and  deserves  further  study,  however. 


RI  •  the  standard  WES  renold- 


ing  index  [3] 

and 

zo  ■  /bd&  for  wheeled 

vehicles 

or 

Zg  -  b  for  tracked  vehicles 

Le.,  RCIj  Is  the  average  cone  index,  corrected  for 
remolding  effects,  from  the  surface  to  the  depth, 
z0,  defined.  z0  is  taken  to  the  nearest  3-lnch  in¬ 
crement,  consistent  with  current  WES  50-pass  traf- 
flcabllity  measurement  procedures,  and  RI  is  mea¬ 
sured  for  each  6-lnch  layer  and  applied  to  the  cor¬ 
responding  measured  cone  indices. 

Since  remolding  Indices  were  usually  measured  for 
6-lnch  layers  only,  the  following  equations,  which 
assume  a  linear  relationship  between  soil  strength 
and  depth,  were  used  to  compute  RCI  for  depths 
which  were  not  multiples  of  6  inches. 

RCI ,(0-9)  -  3/4  RCI,  (0-6) 

♦  1/4  RCI,(6-12) 

RCI , (0 - IS )  -  1/4  RCI i  (0-6) 

♦  3/4  RCI i (6-12) 

Based  upon  50-pass  trafflcablllty  experience,  cone 
index  profiles  were  in  many  cases  taken  to  a  depth 
of  only  18  inches.  Where  this  occurred,  and  an  aver¬ 
age  to  a  deeper  depth  was  called  for,  the  following 
equations  were  used  to  extrapolate  the  measured 
data  (again  linearly): 

RCI i (0-21)  -  3/4  RCI i (6- 12) 

♦  1/4  RCI ,(12-1*) 

RCI , (0-24)  -  1/2  RCI  ,(6-12) 

♦  1/2  RCI, (12-1*) 

2.  VCIi:  Plots  of  the  total  fine-grained  vehicle/ 
soil  text  data  treated  in  this  manner  are  shown  in 
Appendix  IV,  Figures  IV-l-IV-6  for  wheeled  ve¬ 
hicles  and  Figures  IV-7-IV-10  for  tracked  vehicles 
tested  under  this  program.  Those  past  WES  tests 
for  which  adequate  data  for  this  :*ew  analysis  were 
available  are  plotted  in  Figures  IV-ll-IV-13  of 
Appendix  IV.  The  Intercepts  from  these  plots  which 
define  VCI,  on  a  passes- completed  basis  and,  where 
available,  also  on  a  drawbar  pull  basis,  are  tabu¬ 
lated  In  Tables  3  and  4,  and  the  VCIi’s  from  pass 
data  only  are  plotted  In  Figures  53  and  54. 

From  Figures  53  and  54, 

VCI ,  a  3  qB  for  tires  (5) 

and  VCI,  as  2.5  qB  ♦  4  for  tracks.  (6) 

A  conservative  upper  bound  for  each  case,  as  shown, 
might  be 

VCI,  ■  3  q  *3  for  tires  (7) 
n 

VCI,  »  3  qn  ♦  6  for  tracks.  {•) 

As  shown  In  Table  3,  the  agreement  between  VCIi 
as  estimated  from  passes-completed  data  and  as 
estimated  from  drawbar  tests,  Is  good  except  for 
the  tracked  M116  at  8435  pounds,  and  the  wheeled 
M35A1  6x6  at  13  psl  tire  Inflation.  As  will  be  dis¬ 
cussed  In  the  next  section,  first-pass  performance  Is 


far  more  sensitive  to  departures  in  surface  soil 
shear  strength  from  a  norm  associated  with  the  mass 
shear  strength  which  provides  bearing  capac'ty  than 
is  50-pass  trafficibility.  It  is  possible  that  t  ds  ac¬ 
counts  for  such  discrepancies,  as  well  as  for  much 
of  the  scatter  apparent  In  Figures  53  and  54.  No 
attempt  was  made  to  “correct”  the  data  for  such 
effects,  although  means  of  accounting  for  them  are 
suggested  by  the  next  section.  Any  further  program 
should  be  designed  to  attempt  this,  however. 

3.  An  alternate  “layer  rule”  (not  recommended): 
During  the  search  for  synthesis,  numerous  other 
reasonable  appearing  layer/remolding  rules  were 
tried.  Among  these  the  following  produced  the  most 
consistent  results: 

RCI,*  -  I  f12  (C!  x  RI,)dz  (9) 

*  i\ 

where  RI}  is  aeflned  as  before  and  the  layer  (zi  - 
20  is  i  function  of  nominal  unit  ground  pressure 

#  _ a  _a _ 


(qn)  as  given  below: 

.M- 

Laver 

0-3  psl 

0-6" 

3-6 

3-9" 

6-9 

6-12" 

9-12 

9-15" 

12-15 

12-18" 

The  current  data,  treated  as  before,  produced  the 
VCIi  estimates  given  in  Table  5,  and  plotted  versus 
qn  in  Figure  55.  From  Figure  55,  for  both  wheeled 
and  tracked  vehicles, 

VCI,  «  2.3  qn  ♦  2  (10) 

and  a  conservative  upper  bound  might  be 

VCI,'  -  2.3  qB  ♦  5  .  (11) 

As  will  be  seen  In  Table  5,  with  this  treatment 
of  the  cone  data  there  are  no  serious  discrepan¬ 
cies  for  any  of  the  vehicles  between  VCIi  as  de¬ 
termined  by  pass  data  and  drawbar  tests.  The  fact 
that  wheeled  and  tracked  vehicle  results  fall  Into 
the  same,  reasonably  narrow,  scatter  band  Is  also 
suggestive.  However,  the  uae  of  a  pressure  to  esti¬ 
mate  the  depth  to  which  the  soli  massmay  be  actively 
Involved  In  the  continuous  failure  which  Is  rutting  Is 
unacceptable  on  fundamental  grounds.  Hence  the  gen¬ 
erality  of  the  demonstrated  relationship  Is  more 
questionable  than  those,  such  as  developed  In  the 
paragraph  Just  preceding,  which  depend  upon  a  layer 
rule  related  to  the  geometry  of  the  loading  system. 
The  first  proposal  is  thus  to  be  preferred. 

Problem  2a.  Prediction  of  Drawbar  Pull  and  Grade- 
ability 

The  maximum  drawbar  pull  (D)  of  a  vehicle  In 
a  given  soil  bed  Is  generally  treated  as  the  dif¬ 
ference  between  maximum  traction  (T)  developable 
by  Its  running  gear  In  the  soli  It  Is  engaging,  aim 
the  sum  of  the  external  motion  resistances  (Rj 
offered  by  the  soil  body  as  the  vehicle  passes  over 
and  through  It.  Reduced  to  dimensionless  form, 
this  becomes 
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TABLE  3 

VCIi  FROM  NEW  DATA  USING  (0-2,)  LAYER 

Whaalad  Vahiclas 

GVW 

Tires  Infl.  Prass.  q 

K.y 

veil 

lb 

psi 

Pass  Data  BP  Data 

Tracked  Vehicles 


36.00-20  TT 

16.00-15  TT 

7.50- 10 

16.00-15  TT 
46.00-11  TT 

7. 50- 10 

9.00-14 

7.00-16 

9.00-16 

11.00-20 


Waasal 

4,960 

20 

5,960 

20 

HI  16 

1,435 

20 

Pelacat 

12,510 

20 

Ml  16 

10,610 

20 

Waasal 

5,960 

12 

D-4 

13,515 

24 

M56 

15,995 

20 

P-4 

12,420 

13 

P-4 

14,170 

13 

H-5A4 

21,350 

17.1 
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TABLE  4 


VCIi  FROM  PREVIOUS  DATA  USING  (0-Z0)  LAYER 


Wheeled  Vehicles 

GVW 

lb 

Tires 

Infl.  Press, 
psi 

Key 

VCI, 
(from  Pass 

M1S1 

3,430 

36.00-20  TT 

5 

2.2 

Fig.  S3 

A 

24 

M274 

1,260 

7.50-10 

10 

3.3 

B 

12 

CV-8.  IT  Truck 

8,890 

46.00-24  TT 

10 

4.0 

C 

30 

Jeep  Utility  Wagon 

3,650 

7,00-15 

30 

8.0 

D 

25 

M37 

S  ,925 

9.00-16 

30 

8.9 

E 

25 

Michigan  Payloader 

13,815 

14.00-24 

30 

9.5 

F 

32 

M37 

7,425 

9.0C-16 

30 

11.1 

G 

35 

XM-438EZ.  Goer 

38,310 

29.S0-20 

15 

12.1 

H 

40 

WWII  2-1/2T  Truck 

16,300 

10.50-18 

5 

1S.0 

J 

43 

Tracked  Vehicles 

M24.  Lt.  Tank 

36,800 

Track  Width  . 

16 

in. 

11.30 

Fig.  54 

A 

34 

D/W  -  T/W  -  R§/W  (12) 

where  W  -  gross  vehicle  weight. 

Thus  drawbar  pull  is  a  composite  response.  The 
two  more  fundamental  performance  factors  which 
make  It  up  do  not  necessarily  have  the  same  form  of 
relationship  to  measured  soil  strength.  Moreover, 
traction  generally  will  Involve  sail  only  In  close 
proximity  to  the  running  gear,  while  many  com¬ 
ponents  of  the  resistance  force  are  generated  In 
the  process  of  mobilizing  the  bearing  capacity  which 
supports  the  vehicle  weight,  and  hence  reflect  soli 
behavior  and  properties  throughout  the  soil  body  up 
to  considerable  distances  from  the  mechanical  soil- 
vehicle  interface. 

Use  of  a  simple  soil  strength  Index  In  this  situa¬ 
tion,  and  hence  In  any  limiting  one-pass  perfor¬ 
mance  prediction,  thus  implies  that  that  Index  re¬ 
flects  the  soil  strength  both  In  terms  of  direct  shear, 
and  In  terms  of  bearing  capacity.  It  also  Implies 
expectation  of  a  high  degree  of  simple  regularity 
In  normal  strength  profiles  throughout  the  soil  depth 
Involved  in  the  total  system.  These  are  two  Inde¬ 
pendent  problems. 

Treating  the  question  of  profile  regularity  first, 
It  Is  evident  that,  except  under  controlled  conditions, 
as  In  the  laboratory,  any  more  than  a  crude  similarity 
In  profiles  cannot  be  expected.  Even  the  gross  lineari¬ 


zation  of  the  profile  suggested  In  Figures  II- 4  and 
D-5  of  Appendix  n  requires  two  Independent  para¬ 
meters  to  define  It  properly.  Replacing  these  by  an 
average  throughout  a  depth  related  to  the  size  of 
the  system,  as  In  the  “critical  layer"  rule  Just  pro¬ 
posed,  is  conceptually  adequate  to  approximate  the 
response  of  the  soil  body  to  bearing  loads.  It  can 
only  serve  the  same  function  for  tractive  loads  If 
the  strength  of  surface  layers  Is  some  fixed  pro¬ 
portion  of  the  average.  Even  in  the  same  soil  body, 
this  proportion  can  not  be  entirely  fixed  for  av¬ 
erages  taken  to  various  depths  except  when  the  sur¬ 
face  strength  Is  effectively  zero,  or  the  strength 
Is  essentially  Invariant  with  depth  over  the  range  of 
depths  of  interest.  Thus,  for  drawbar  pull  prediction* 

*Strlctly  speaking,  of  course,  the  minimum  sup¬ 
porting  soli  strength  required  for  a  single  self- 
propelled  pass  —  VCIi  •'  1*  *1*°  effected  by  sur¬ 
face  shear  strength,  for  it  Is  simply  the  zero 
drawbar -pull  case.  Much  of  the  scatter  In  the  test 
results  as-  presented  In  the  preceding  section  Is 
probably  due  to  variations  In  surface  strength  from 
the  chance  norm  In  which  the  tests  were  run.  The 
methods  developed  In  this  section,  applied  to  these 
other  data,  would  presumably  refine  the  results  to 
a  useful  degree.  Unfortunately,  exhaustion  of  pro¬ 
ject  time  and  funds  prevented  this  third  cycle  of 
snalysls  at  this  time. 


SI 
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cruder  approach  was  taken  in  which  the  shear  graph 
measurements  were  reduced  to  an  index 


a  second  strength  parameter  is  necessary  in  addi¬ 
tion  to  that  reflecting  bearing  capacity. 

Beginning  with  Mlcklethwalt  [10]  and  Nichols  [11] 
it  has  been  generally  accepted  that  maximum  trac¬ 
tion  may  be  approximated  essentially  by  the  simple 
application  of  Coulomb’s  equation 


where  T  was  evaluated  from  the  records  at  a  nom¬ 
inal  o  of  10  psl.  This  index  appeared  to  correlate 
reasonably  well  with  results  from  tests  (the1  'slipper  - 
lness”  tests)  in  which  measured  vehicle  pull  could 
be  presumed  to  be  traction  only;  i.e.,  in  tests  where 
the  main  soil  body  was  so  strong  (RCIj  1  300) 
that  external  motion  resistance  was  nil. 

This  index  was  next  correlated  approximately 
with  cone  Index,  using  field  data  from  this  program, 
and  data  from  two  WES  laboratory  programs  [Smith 
13,  Meyer  14]  which  became  available  as  this  study 
concluded  (Appendix  VI).  The  relationship  for  nine 
different  fine-grained  soils  appeared  to  be  given 
to  a  useful  accuracy  by  the  exponential  decay  ex¬ 
pression. 

f  T  /  Q 1  i  a  -  1  -  e"K2,CI  MO 


c  ♦  o  tan  i  (13) 

t  •  soil  unit  shear  strength 
c  ■  apparent  soil  cohesion 

«  •  apparent  soil  angle  of 
internal  friction 

o  ■  unit  normal  loading. 


by  selecting  the  appropriate  contact  area  (and  cor¬ 
responding  nominal  normal  pressure).  The  requisite 
value  of  t,  or  of  c  and  4,  conceptually  may  be  ob¬ 
tained  by  means  of  in  situ  direct  shear  measure¬ 
ments.  The  Cohron  sheargraph  [5],  a  small,  manual 
torsion  shear  device,  compatible  in  Its  portability 
with  the  standard  WES  soli  trafflcability  equipment 
[12],  was  used  in  this  program  In  an  attempt  to  ob¬ 
tain  these  values  In  the  field. 

The  outcome  is  discussed  in  Appendix  VL  In 
general,  the  sheargraph  gave  results  which  showed 
the  proper  trends,  but  detailed  correlation  with  mea¬ 
sured  vehicle  performance,  in  accordance  with  equa¬ 
tion  [13],  proved  elusive.  In  this  circumstance,  a 


where  K2  was  a  soil  constant  varying  between  about 
0.01  and  0.03,  and  having  the  dimensions  (psl)  *1, 
This  suggested  that  the  sheargraph,  or  any  similar 
second  instrument,  might  be  eliminated  from  future 
field  soil  test  procedures. 

Equation  (14)  made  it  evident  that,  conceptually, 
at  least,  the  cone  index  of  the  surface  layer  (say 
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qnsl/3VCI,  (II) 

and  from  plasticity  theory  (of.  Driicker  [15])  andfrom 
laboratory  Investigations  by  Evans  [16]  andSmith  [17]; 

c  «  K*  (Cl)  (19) 

Combining  equations  (15),  (17),  (18),  (19),  and  a  grain 
of  salt, 

T/W  *  K  (RCI j/VCI j)  .  (20) 

Having  thus  temporarily  established  a  crude  but 
convenient  handle  on  the  traction  part  of  the  basic 
equation  (12),  attention  was  turned  to  the  motion 
resistance  term,  R^W.  Consideration  of  several 
theoretical  approaches  (see  Appendix  0,  of  Freltag's 
consolidation  of  WES  laboratory  data  on  tires  [2], 
and  of  driveline  torque  measurements  made  as  part 
of  the  present  program,  led  to  the  study  of  the  fol¬ 
lowing,  compatible  general  form  for  this  term: 

R,/w  -  kr  (VC1,/RCI|)“  .  (21) 

By  definition,  a  vehicle  operating  In  soil  such  that 
RCI i  -  VCIi 

has  no  margin  for  drawbar  pull;  Le., 

D/W  -  0. 


0-1-inch  average)*  could  be  used  as  the  second  para¬ 
meter  needed  to  specify  soil  strength  for  drawbar 
pull  prediction.  Upon  further  consideration  of  the 
entire  problem,  Including  the  range  of  soil  strengths 
of  practical  interest  to  reasonably  mobile  military 
vehicles,  and  the  quantity  and  quality  of  available 
data,  It  was  decided  to  use  a  simple  linear  assump¬ 
tion  In  place  of  equation  (14),  as  follows; 

(t/o)„  •  Ki, (Cl)  (IS) 

truncated  conservatively  at 

(t/o),0  -  0.8  .  (16) 

In  order  to  relate  this  Index  specifically  to  trac¬ 
tion  (T/w)  and  to  vehicle  characteristics,  it  was  as¬ 
sumed  that,  for  the  weak,  fine-grained  soils  of  In¬ 
terest,  the  surface  shear  strength  It  represented 
was  essentially  cohesive.  In  this  case 

T/W  -  c/qn  .  (17) 

By  equations  (5)  and  (6) 


•As  a  result  of  concurrent  WES  laboratory  tests 
to  study  soil  "sllpperlness,”  Smith  [14]  also  sug¬ 
gested  use  of  the  0-1-lnch  cone  Index  to  characterize 
surface  shear  strength. 
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TABLE  S 

VClj 

FROM  NEW  DATA  USING  (Zt-Z2)  LAYER 

Wheeled  Vehicles 

GVW 

Tires  Infl.  Press.  qn 

VC1, 

lb 

psi 

Pass  Data  DBP  Data 

M1S1 

3,560 

36.00-20 

TT 

3 

2.3 

9 

IS 

2.3 

8 

M274 

1,32S 

16.00-1S 

TT 

3 

2.5 

8 

IS 

2.5 

8 

1,190 

7.50-10 

5 

3.1 

5 

10 

3.1 

5 

30 

3.1 

6 

1,940 

16.00-15 

TT 

3 

3.7 

8 

15 

3.7 

8 

M37 

7,240 

46.00-11 

TT 

3 

3.  B 

9 

IS 

3.8 

11 

M274 

1,940 

7.50-10 

5 

5.1 

9 

10 

5.1 

11 

30 

S.l 

9 

MIS  1 

3,560 

9.00-14 

20 

7.9 

17 

30 

7.9 

17 

3,S60 

7.00-16 

IS 

8.8 

28 

30 

8.8 

23 

M37 

7,240 

9.00-16 

6.5 

IS 

10.8 

10.8 

25 

26 

30 

10.8 

25 

M35A1 

19,410 

11.00-20 

13 

13.3 

33 

35. S 

13.3 

34 

Tracked  Vahtclas 


Track  Width,  in. 


Dinah 

4,095 

20 

4,975 

20 

Weasel 

4,960 

20 

5,960 

20 

Ml  16 

8,435 

20 

Polecat 

12,580 

20 

M116 

10,610 

20 

Weasel 

S,960 

12 

P-4 

13,585 

24 

M56 

1S,99S 

20 

D-4 

12,420 

13 

D-4 

14,870 

13 

M-5A4 

28,350 

17.1 

1.3 

7 

1.6 

• 

1.6 

6 

6 

1.9 

6 

8 

2.0 

8 

13 

2.0 

7 

7 

2.6 

9 

9 

3.2 

9 

10 

4.6 

13 

11 

4.7 

13 

7.8 

16 

9.2 

25 

7,1 

20 
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By  equation  (12),  then,  when  RCIi  *  VCIj 

T/W  -  Rg/W  (22) 

and,  therefore,  from  equations  (20)  and  (21), 

■  K  (23) 

Equation  (12)  may  thus  be  written 

<»> 

Note  that  In  utilizing  equation  (20)  In  this  develop¬ 
ment,  the  truncation  suggested  in  equation  (16)  is 
Implied.  Thus  In  strong  soils  where  R/W  1  0  (Le., 
where  RCIj/VCIi  *  0.8/K) 

D/W  -  0.1  (25) 


It  Is  Implicit  In  equation  (24)  that  soil  strength 
Is  essentially  constant  from  the  surface  to  a  con¬ 
siderable  depth,  so  that  RCU  characterizes  both 
bearing  capacity  and  surface  shear  strength.  In 
order  to  generalize  to  the  case  where  this  Is  not 
true,  the  factor 


X 


T 


RClltl 
RCI  j 


(26) 


where  RCIj,t  •  the  one-pass  re¬ 
folded  cone  index  for  a 
surface  layer  of  s  inches 


may  be  Introduced,  as  follows; 

0/“  • 11  [«.  •  (mr)‘l  <»> 

Data  from  field  tests  of  two  wheeled  and  three 
tracked  vehicles,  In  which  maximum  drawbar  pull, 
driveline  torque,  and  soil  strength  were  concurrently 
obtained,  were  analyzed  to  develop  estimates  for  K 
and  m.  Measured  torques  during  tests  in  field 
soli  conditions  were  converted  to  equivalent  hard 
surface  drawbar  pulls,  using  an  experimental  curve 
for  each  vehicle  developed  for  this  purpose.  The 
difference  between  measured  drawbar  pull  in  the  soil 
and  the  expected  hard  surface  pull  was  taken  as  the 
gross  motion  resistance  due  to  operating  In  the  soil. 
This  figure  Includes  both  external  motion  resistance, 
Rg,  and  a  pseudo  resistance  force  from  internal 
losses,  such  u  arise  from  sticking  soil  clogging 
suspension,  Increasing  sprocket  losses,  etc.  The  latter 
Component  requires  extra  engine  torque  (and  hence  is 
sensed  by  a  driveline  torquemeter),  but  not  extra 
traction,  and  is  a  function  of  a  number  of  design 
features  largely  unrelated  to  either  vehicle  traction 
or  flotation  characteristics. 

Values  for  gross  resistance  (R/W)  are  plotted 
versus  (VCIi/RCIi^  for  wheeled  vehicles  in  Figure 
56,  and  for  tracked  vehicles  in  Figure  57.  Using 
these  data  plots  and  a  little  Imagination,  values  for 
K  and  m  in  equation  (21)  were  selected,  giving  for 
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both  wheeled  and  tracked  vehicles 

R./W  -  0.3(VCI,/RCI,)>  (28) 

This  expression  Is  also  plotted  In  both  figures.  It 
appears  as  an  approximate  upper  bound  to  the  mea¬ 
sured  data  for  wheeled  vehicles.  It  Is  at  best  a  poor 
approximation  to  tracked  vehicle  gross  resistance 
measurements  at  soil  strengths  between  2  and  10 
times  VCIj.  In  this  region  the  data  follows,  rather, 
the  complex  curve  shown.  It  Is  believed  that  this 
Increase  to  a  maximum  when  RCIj  Is  between  4 
and  5  times  VCI;  Is  due  to  su^enslon  clogging. 
The  Lake  Centennial  soil  Is  at  moisture  contents 
producing  decided  “stickiness”  In  this  soil  strength 
range.*  Stickiness  effects  will  clearly  vary  with  soil 
properties  and  with  detailed  vehicle  design.  There 
Is  too  little  Information  available  for  even  the  present 
authors  to  attempt  any  generalisation  at  this  time. 

From  equation  (28),  equation  (27)  may  now  be 
written  In  Its  proposed  Anal  form, 


♦Note  that  the  “stickiness  range”  of  a  given  soil 
Is  related  to  moisture  content  and  hence  to  cone 
Index.  When  test  results  are  plotted  on  the  basis 
of  (VCIl/RCIi),  effects  at  a  given  cone  Index  will 
appear  at  low  values  for  very  mobile  vehicles  (low 
VCIi)  *nd  higher  values  for  less  mobile  vehicles. 


»'•  •  [«.  GStf-M  <«> 

All  of  the  maximum  drawbar  pull  (D/w)  results 
developed  during  this  program,  on  all  vehicles,  from 
both  test  areas,  are  plotted  In  Figure  58,  as  functions 
of  the  parameter  (VCIi/RCIi).  Each  test  Is  keyed 
according  to  which  of  three  ranges  of  K_  (0-0.375, 
0.378-0.750,  f  0.750)  It  fell  Into  according  to  the 
field  measurements.  Also  shown  is  equation  (29), 
evaluated  for  Kt  *  0.25,  0.50,  and  1.00.  From  this, 
It  Is  considered  that  equation  (29)  expresses  a  use¬ 
ful  approximate  relationship  between  soil  strength 
(RCI},  Kt),  vehicle  design  (VCIj),  and  drawbar  pull 
performance  for  most  first-order  estimating  andpre- 
dlctlon  purposes.  It  may  also  be  taken  to  express 
gradeablllty  (Gr),  which,  to  a  like  precision,  may 
be  taken  as 

Gp  •  D/W  (SO) 

As  footnoted  on  page  21,  surface  traction  affects 
the  actual  minimum  HCIj  required  for  one  success¬ 
ful  pass  of  a  vehicle.  Equation  (29)  clearly  shows 
that  (VCIi)  actually  refers  only  to  the  condition  where 
Kt  *  1.0.  In  other  cues,  the  RCIi  required  for  one, 
straight,  level  pau  Is  given  by 

RCIj '  ■  VCI,'  •  (VCIi) (1/^)1/*  (31) 
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so  that  for  •  O.S 


VCl!*  -  1. 19 (VCI i ) 


and,  for 


Kx  •  0.25 


1.41(VCIi). 


Variations  of  Ktof  this  order  were  regularly  re¬ 
corded,  and  scatter  of  a  corresponding  order  is 
observed  in  the  self-propelled  test  data. 

Problem  2b.  Prediction  of  Soil  Strength  Increment 
Required  to  Permit  Free  Maneuvering 


Estimates  of  the  minimum  excess  of  RCI;  over 
VCIi  necessary  to  permit  a  given  vehicle  to  ma¬ 
neuver  freely  in  a  level,  weak-soll  terrain  are  based 
upon  three  rude  but  not  unreasonable  assumptions. 

1)  The  soil  strength  which  will  allow  a  given 
vehicle  to  execute  continuously  a  slow-speed, 
180-degree  turn  of  approximately  25-foot  radius 
may  be  considered  sufficient  to  permit  that 
vehicle  to  "maneuver  freely";  Le.,  to  pro¬ 
ceed  continuously  along  a  circuitous  path  in 
level  terrain. 

2)  The  requirement  for  additional  soil  strength 
during  such  a  turn  results  from 

a)  increased  motion  resistance,  which  Imposes 
Increased  tractive  loads  on  the  soll/vehlcle 
Interface,  and 


b)  in  skid-steered  vehicles,  the  Increased  trac¬ 
tion  required  from  the  running  gear  at  the 
outside  of  the  turn  to  produce  a  net  turning 
moment  sufficient  to  overcome  the  resist¬ 
ing  moment  of  the  ground  contact  areas. 

3)  The  Increment  in  soil  strength  necessary  to 
support  the  increased  traction  requirements 
will  be  essentially  the  same  as  that  required 
to  produce  a  drawbar  pull  of  the  same  magni¬ 
tude  as  the  resistance  Increment. 

Estimates  of  relative  motion  resistance  of  a  given 
test  vehicle  in  a  soil  of  given  strength  (RCIp  were 
obtained  directly  from  drive-line  torque  measure¬ 
ments  made  while  running  at  several  radii  and 
straight  ahead  (radius  ■  -X  Such  tests  were  run 
with  six  vehicle  configurations,  each  in  several  soil 
strengths. 

The  results  are  illustrated  1m  Figures  50  through 
60,  in  which  measured  torques  in  each  of  several  soil 
strengths  are  plotted  versus  the  Inverse  of  the  turn 
radius  (l/rt).  As  an  index  of  soil  strength  conditions, 
the  remolded  cone  index  for  the  0-6-inch  layer  as 
measured  for  each  test  is  shown.  It  may  be  seen 
that  for  each  vehicle  configuration,  the  effects  of 
turning  radius  (expressed  as  the  inverse)  in  a  given 
soil  strength  are  essentially  linear,  and  that,  with 
only  a  few  exceptions  associated  with  special  grass 
conditions,  the  slope  of  the  lines  may  reasonably  be 
taken  to  be  the  same.  Thus  the  -inarm*  tfc  in  motion 


resistance  due  to  turning  may  be  taken  to  be  a. func¬ 
tion  of  turn  radius  and  vehicle  configuration,  and  es¬ 
sentially  Independent  of  soil  strength. 

Measured  torques  were  converted  to  equivalent 
track  or  tire  thrusts  simply  by  multiplying  by  gear 
ratio  between  the  torquemeter  and  the  tire  or  sprock¬ 
et,  and  dividing  by  the  rolling  radius  of  the  tire  or 
the  pitch  radius  of  the  sprocket.  The  resulting  In¬ 
crements  In  thrust  (ar)  due  to  turning  were  fit  by 
an  equation  of  the  form 


where  Kr  -  a  constant  for  the  given 
vehicle  configuration 
and  rt  ■  turning  radius  in  t 

Resulting  values  of  Kr  are  tabulated  In  Table  6. 

In  order  to  reach  a  conclusion  as  to  the  Incre¬ 
ment  of  soil  strength  required  to  permit  free  ma¬ 
neuvering,  th'  increment  AR/W  was  calculated  for 
a  turning  radius  of  25  feet,  and  the  value  of  (RCIj/ 
VCIj)  needed  to  develop  this  much  extra  traction 
was  read  from  Figure  58  assuming  Kr  •  1.0. 
Finally,  for  the  skid- steered  vehicle  (the  WEASEL), 
a  further  increment  of  2  per  cent  was  added,  In 
accordance  with  the  approximate  analysis  given  In 
Appendix  VII.  The  final  estimated  value,  (RCIj/ 
VCIi )i>  for  all  six  vehicle  configurations  Is  tabu¬ 
lated  In  Table  6. 


These  values  show  a  reasonable  progression  from 
1-5  per  cent  In  strength  required  for  the  wheeled 
vehicles  to  15-25  per  cent  for  the  tracked  WEASEL, 
with  the  articulated  POLECAT  requiring  an  incre¬ 
ment  of  approximately  10  per  cent.  Both  the  trends 
and  the  order  of  magnitude  shown  appear  qualita¬ 
tively  correct.  Until  further  work  can  be  done  on 
this  problem  and  the  dependence  of  values  of  Kr 
upon  vehicle  parameters  studies,  It  is  suggested  that 
the  Increment  In  soli  strength  required  to  permit 
free  maneuvering  In  a  weak  soil  situation  be  taken 
as  follows: 

for  wheeled  vehicles  5% 

for  tracked  vehicles  25% 

for  articulated  tracked  vehicles  15%. 


Problem  2c.  Estimation  of  Maximum  Vehicle  Speed 

The  maximum  speed  of  a  vehicle  in  a  level  ter¬ 
rain  with  weak  soil  is  influenced  by  the  motion  re¬ 
sistance  offered  by  that  soil.  Accordingly,  the  ap¬ 
propriate  procedure  for  calculating  maximum  speed 
Is  simply  an  extension  of  standard  automotive  en¬ 
gineering  methods  [of.  18)  to  Include  the  soil  re¬ 
sistance  with  the  other  possible  resistances.  It  was 
assumed  that  soil  resistance  was  adequately  given  by 
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9.00x16  «  6.S  psi 

11.00x20  •  IS  psi 
f  35. S  psi 


Tracks 


H29C  Weasel 


Polecat 

(articulated) 


0.26 

0.01 

1.01 

1.01 

0.57 

0.02 

1.02 

1.02 

1.14 

0.05 

1.05 

1.05 

4.74 

0.19 

1.23 

1.25 

3.21 

0.13 

1.15 

1.17 

1.94 

0.08 

1.09 

1.09 

(1)  For  25'  radius  turn 

(2)  Proa  Pig.  58,  Kf  ■  1.0 

(3)  Corrected  for  skid  steering  as  necessary 


equation  (28),  and  that  it  was  not  speed  dependent. 
Then  maximum  speed  in  miles  per  hour  (V)  is 

Vw^x  37S.  (33) 

To  estimate  HPA  «  horsepower  available  at  wheel 
or  sprocket, 

HPa  •  BHP  x  n  (34) 

where  BHP  •  brake  horsepower 

n  ■  overall  efficiency 
(treating  accessory 
loads  as  an  efficiency 
type  of  loss) 

w  0. 75  for  wheeled 
vehicles 

»0,6S  for  tracked 
vehicles. 

To  estimate  £R  ■  total  resistance 

IR  ■  RA  ♦  Kt  ♦  Kg  ♦  GrW  (SS) 

where  RA  ■  air  resistance 
*  0.004  AV2 

A  -  frontal  area,  sq.  ft. 

-  track  or  tire  losses 
»0.01S  N  for  tires 

*(0.0S  ♦  0.002  V)  N 
for  tracks 

GrW  ■  grade  resistance 
and  Rs  ■  soil  resistance  (eq.  21). 


As  noted,  there  may  be  a  substantial  loss  (up  to  0.18 
W)  due  to  track  and  suspension  clogging  on  tracked 
vehicles  (see  Fig.  57),  and  an  increment  due  to  ma¬ 
neuver.  Neglecting  the  latter  two  effects,  and  con¬ 
sidering  only  level  ground,  equation  (33)  may  be 
written 


V  « 


0,47(BHP/WT) 

♦  0.013  (*j£)  ♦ 


0.05 


(Ml 


for  wheeled  vehicles,  and 


V  » 


0.40(BHP/W.) 

1 — Tav’T 

♦  O.OlS^-g-j 


♦  0.067V  ♦  0.167 


(37) 


for  tracked  vehicles,  where  W  T  ■  gross  vehicle 
weight  In  short  tons. 


It  Is  evident  that  allowances  for  slope,  maneuver, 
and  suspension  clogging  could  readily  be  Included  ss 
necessary  or  desirable. 

In  Figure  65,  measured  speeds  in  various  soil 
strengths,  as  tabulated  in  Appendix  m,  Table  IE-49, 
are  compared  to  predictions  via  equations  (36)  and 
(37)  for  four  test  vehicles.  Considering  the  many  test 
variables  which  could  not  be  controlled,  and  the  long 
series  of  gross  approximations  used  to  reach  this 
point,  the  agreement  is  considered  acceptable,  ex¬ 
cept  In  the  case  of  the  POLECAT,  which  appears 
to  have  been  “sick*’  during  these  tests.  Field  ex¬ 
perience  with  other  POLECATS  does  not  confirm 
such  low  figures  for  operation  on  what,  for  It,  Is 
excellent  footing. 
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ASSESSMENT  OF  RESULTS 


The  stated  goals  of  the  Investigation,  usable,  first- 
order  answers  within  a  limited  time  frame,  havebeen 
achieved.  The  results,  like  the  methods  and  the  analy¬ 
ses,  are  rough  and  contain  nothing  essentially  new 
except  perhaps  actual,  usable  numbers.  Probable 
precision  Is  low  (  ♦  20-30  percent),  but  with  these 
results  available  It  is  no  longer  possible  to  talk 
complete  nonsense  about  one-pass  vehicle  perfor¬ 
mance. 

Much  more  can,  and  should,  be  done,  however, 
both  In  the  way  of  developing  more  and  better  data, 
and  even  In  analyzing  the  present  data.  While  It  Is 
evidently  useful  to  know  the  orders  of  magnitude 
of  the  several  effects  upon  performance  of  varia¬ 


tions  in  soil  strength,  the  scatter  of  the  VClj  ver¬ 
sus  qn  results  shown  In  Figures  53  and  54  (for 
instance)  leaves  much  to  be  desired,  particularly 
from  the  viewpoint  of  irnproved  vehicle  design.  It 
does,  of  course,  make  considerable  difference  whether 
VCIi  for  a  given  vehicle  Is  20  or  30.  If,  through  a 
fuller  understanding  of  all  factors,  new  designs  at 
the  same  ground  pressure  (for  example)  could  be 
made  to  follow  the  lower  limit,  this  would  be  a  major 
Improvement.  Thus,  while  it  Is  believed  that  the  pre¬ 
sent  study  has  roughed  in  the  outlines  of  the  full 
and  proper  answers  ultimately  required,  It  Is  clear 
that  it  can  only  be  considered  as  an  exploratory 
first-pass  at  the  problem. 
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APPENDIX  I 
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THE  FORM  OF  THE  RELATIONSHIP  OF  LIMITING 
CONE  INDICES  FOR  TRACKED  AND  WHEELED 
VEHICLES  TO  BASIC  VEHICLE  CHARACTERISTICS 


TRACKED  VEHICLES 


Some  twelve  years  ago,  just  before  emigrating  to 
a  more  productive  line  of  endeavor,  Evans  concluded 
that  the  performance  of  tracked  vehicles  in  effectively 
frictionless  soils  could  be  summarized  satisfactorily 
by  the  following  four  semi-empiric  equations]!,  19]* 


qi  -q 


5* 


_T_ 

"i 


and 


1  -  e‘bt 

(1) 

i  .  JL 

L  <*n 

(2) 

c 

(3) 

T  RP 

Wi  *  &T 

(4) 

Rp  ■  external  notion  resistance 
due  to  plastic  flow 

T  ■  tractive  effort 
D  »  drawbar  pull 
c  ■  soil  cohesion 


all  In  consistent  units.  Equation  (1)  may  be  solved 
explicitly  for  sinkage: 


Substituting  in  (4) 


» ■  i  [‘  -  UM.*” 

D 

At  the  point  where  ^  »  0,  the  required  soli 
bearing  capacity,  qcrlt,  Is  given  by 

■w  ■ '  [>  *  JjtRr2].  <>»> 


where  q  ■  bearing  capacity  of  the  soil 


or 


W,E 

(5) 

Wi 

’ 

(6) 

whichever  is  swaller. 


nominal  unit  ground 
pressure 


Wi 


\L 


(7) 


t 

*1 


track  width 
weight  on  one  track 


E  -  Young's  modulus  for  soil 
(taken  as  1000  lb/in2) 


i»b  ■  number  of  bogie  wheel 
stations  per  track 

db  ■  bogie  wheel  diameter 

y  ■  track  pitch 

l  •  length  of  track  on  (hard, 
level)  ground 


♦See  References,  p.  33  In  main  body  of  report. 
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Examination  of  the  quantity  In  brackets  as  It 
applies  to  two  widely  different  vehicles,  the  M29C 
Weasel  and  the  M60  Battle  Tank,  gives  values  of 
1.024  and  1.008,  respectively.  That  Is,  It  may  rea¬ 
sonably  be  taken  as  1,  thus  yielding  In  the  limit  the 
simple  and  useful  but  not  very  remarkable  result, 

^crit  *  **n  *  IH) 


PNEUMATIC-TIRED  VEHICLES 


According  to  a  simple  concept,  described  In  1960 
by  Bekker  and  Janosl  [20],  a  pneumatic  tire  operating 
In  a  plastic  material  will  not  deflect  significantly 
unless  Its  total  effective  Inflation  pressure  Is  less 
than  the  yield  pressure  for  the  material.  It  Is  rea¬ 
sonable  to  assume  that,  in  the  limiting  case  where  the 
soil  Is  io  weak  that  the  tire  sinks  considerably  on 
Its  first  pass  and  can  just  self-propel  itself  with  no 
margin  for  drawbar  or  slope  loading,  there  will, 
In  fact,  be  little  deflection  of  the  tire  In  the  soli. 


The  test  data  on  single  tires  In  clay  soils,  developed 
by  WES  over  the  past  several  years  In  the  AMRB 
soil  bins,  have  recently  been  reported  In  summary 
form  by  Freltag  [2].  Freltag  shows  that,  for  a  wide 
range  of  drawbar  performance,  soil  strengths,  and 
tire  sizes,  shapes,  and  loadings,  the  data  over  a  wide 


range  of  soil  strengths  collapse  quite  well  on  the 
basis  of  the  load  numeric 
"i 

CT  b  d  4»/J  (12) 

where  Wj  ■  the  load  on  the  single 
tire,  lb. 

CT  *  the  average  cone  index  of 
the  test  soil  bed,  uniform 
with  depth,  psi 

b  ■  undeflected  tire  section 
width,  in. 

d  ■  undeflected  tire  disaster, 
in. 


A  ■  i  •  deflection  on  a  hard 
"  surface,  at  test  infla¬ 
tion  and  under  test  load, 
divided  by  tire  section 
height  froa  rin  flange, 
in. /in. 

This  may  be  rewritten  as 

(ffXnfrr)  11S> 

where  qn  -  jfl 

and  r  ■  undeflected  tire  radius,  in. 

Close  examination  of  the  data  near  the  loading  point 
where  drawbar  pull  vanishes  (lVw*0)  (Figures  I- 1  to 
1-3),  however  shows  that  in  thi$  limited  region  the 
critical  load  numeric  (in  similar  form)ls  as  well  given 
for  all  deflections  as 

3ft  (-  0.4)  (14) 


This  indicates  that,  near  the  failure  point,  pneumatic 
tires  may  be  considered  as  essentially  rigid.  Accord¬ 
ingly,  Uffelmann’s  work  with  rigid  wheels  may  be 
germane  [21]. 

Uffelmann  considered  that  the  results  of  his  several 
years  of  tests  on  large  rigid  wheels  in  laboratory 
clay  pits  was  adequately  expressed  by  DrUcker’s 
1955  proposals  derived  for  small  ainkages  from  sim¬ 
ple  plasticity  considerations  [15],  as  follows; 

*7  ‘  nr*  (1S) 

•nd  I  '  (qT1*)2  (16) 

For  traction,  Uffelmann  assumed 

(17) 

"i  "i 

where  l  ■  effective  contact  length 

*iVy  for  snail  sinkaget. 

*  (1*) 


From  equations  (15-18),  at  the  critical  point  where 
drawbar  pull  vanishes, 


las&aasE^iiH 


NMESESSSaESiH 


e  ennne  aeeea  e,, 
■  aeeea  aeeea  eet 


»e  maieOM  ■ 
■  filiaaeiatu  ■ 
if aeeea  ■ 

■s8ts5n:sis2| 

C  See*! See** aeeea 

•  eneee  aeeea  Meeel 
iafaaiaimiiHil 


eea aeeea  ■ 


■NHKti 

■ 

BBHESHii! 

■■BffliSHBili! 

iBniSi 

or,  taking  from  plasticity  theory  the  classical  rela¬ 
tionship  between  bearing  capacity  at  the  surface 
and  cohesion  [see,  for  example,  Reference  IS];  l.e., 

q  ■  5,7  c  ;  (20) 

then 

«crit  "  2*4S  V  (21) 

Note  that  while  Drucker’spubllshed  derivation  of  his 
equations,  and  Uffelmann’s  extension  to  include  trac¬ 
tion,  are  based  upon  some  conventional  approxi¬ 
mations  to  simplify  the  geometry  and  algebra  in¬ 
volved,  the  final  result  (eq.  19)  may  be  shown  to  be 
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as  valid  as  the  basic  assumptions  up  to  sinkages  of 
the  order  of  a  full  radius. 

Also,  the  same  results  would  be  achieved  by  the 
Bernstein  approach  [see,  for  instance,  Reference  22], 
which  relates  wheel  behavior  to  that  of  small  plates 
expressed  by 

p  •  k  z“  (22) 

where  p  -  resisting  pressure  on 
the  plate 

z  ■  linkage 

and  k  and  n  are  curve-fitting 

paraaeters. 

For  a  uniform  clay  soil  bed,  n->  0,  and  the  Bernstein 
expressions  for  sinkage  and  resistance  become  Identi¬ 
cal  to  Drucker’s  equations,  (15)  and  (16),  above. 

From  the  literature  l<?/.  16,  17]  It  Is  evident  that 
In  frictionless  soils  the  cone  Index  may  be  taken 
as  a  direct  measure  of  bearing  capacity,  1.  e., 

q  *  k'CI 

and  that  k'  &  l.S 

so  that  qerlt  *  1.5  VCI,. 

Equations  (11),  (14),  and  (21)  may  thenbe  summarized 
in  consistent  cone  index  form  as  follows: 

Evans  for  tracks, 

VCI,  «  0.67  qn  (23) 

Uffelmann/Driicker/Bernsteln  for  rigid  wheels, 

VCI,  «  1.9  qn  (24) 

WES/Freltag  for  pneumatic  tires, 

VCI,  «  2.5  qn.  (25) 

For  present  purposes  the  significant  point  is  that, 
on  the  basis  of  several  theoretical  approaches,  the 
basic  form  of  relationship  to  be  expected  in  the  field 
data  is  simply 

VCI,  -  k  qn 


(26) 


APPENDIX  II 


AN  APPROACH  TO  A  “CRITICAL  LAYER”  RULE 
FOR  ONE-PASS  OPERATIONS  OF  TIRES  IN  WEAK  SOILS 


In  the  development  of  50-pass  prediction  methods 
using  the  cone  penetrometer,  WES  established  a  rule 
whereby,  barring  significant  anomolies,  the  strength  of 
a  fine-grained  soil  In  which  a  vehicle  was  operating 
was  taken  to  be  the  average  cone  index  (corrected  for 
remolding)  measured  in  a  6-inch  thick  “critical 
layer.”  The  critical  layer  was  specified  essentially 
as  a  function  of  gross  vehicle  weight  [3],*  In  sands, 
however,  it  was  generally  found  that  the  cone  Index 
Increased  linearly  with  depth,  and  the  gradient  of  the 
cone  index  versus  depth  curve  was  adopted  as  the 
controlling  soil  strength  parameter  [23,24]. 

The  physical  meaning  of  the  “critical  layer”  has 
not  been  clearly  developed.  Upon  consideration,  how¬ 
ever,  it  appears  to  represent  a  convenient  averaging 
procedure,  rather  than  truly  a  “critical”  section 
of  the  soil  profile.  A  typical  cone  index  versus  pene¬ 
tration  curve  for  a  field  soil  situation  will  look  about 
as  shown  in  Figure  11-4.  It  can  usually  be  approximated 
reasonably  by  means  of  a  straight  line  having  an 
Intercept  and  a  slope  or  gradient.  A  “critical  layer” 
average  can  thus  be  Interpreted  as  an  index  of  the 
average  strength  over  the  range  of  the  profile  within 
the  layer,  or  equally,  as  the  average  strength  for 
still  larger  segments  of  the  profile  centered  In  the 
designated  layer.  In  the  limit,  It  could  be  considered 
as  the  average  strength  for  the  entire  profile  from 
the  surface  to  a  depth  twice  the  depth  of  the  “critical 
layer”  center.  So  Interpreted,  lowering  or  raising  the 
“critical  layer”  reflects  that,  In  consonance  with 
general  soil  mechanics  theory,  various  vehicles  are 
Influenced  by  the  soil  strength  profile  to  greater  or 
lesser  depths,  according  to  their  size  and/or  nominal 
loading. 

The  recently  published  synthesis  by  Freltag  [2] 
of  tests  on  single  tires  In  sand  and  clay,  performed 
over  several  years  in  the  WES/AMRB  laboratory 
soil  bins,  was  examined  in  this  context.  Freltag  shows 
that  drawbar  pull,  slnkage,  driving  torque,  and  free- 
rolling  motion  resistance  of  tires  of  several  sizes 
and  proportions,  operating  under  a  range  of  wheel  loads 
and  inflations,  and  in  a  full  range  of  soil  strengths, 
collapse  well  on  the  basis  of  the  following  simple 
load  numerics: 


•See  References,  p.  33  In  main  body  of  report. 


For  Clays—  - -l.,-—  (1) 

C  b  d  s‘/2 

For  Sands  —  ,  WL.. ...  (2) 

G  (bd)V*  a 

where  W,  -  load  on  a  single  tire,  lb 

b  ■  undeflected  tire  section 
width,  In. 

d  ■  undeflected  tire  diaeeter. 

In. 

A  •  ■  deflection  on  a  hard 

"  surface,  at  test  infla¬ 
tion  and  under  test  load, 
divided  by  tire  section 
height  fron  ria  flange, 
in. /in. 

C  ■  average  cone  index,  psl 

and  G  -  average  cone  index  vs.  depth 
gradient,  psl/ln. 

Closer  examination  of  the  data  in  the  Immediate 
vicinity  of  the  loading  at  which  drawbar  pull  vanishes, 
however,  (see  Figs.  1-1  to  1-3,  App.  I,  for  clay  re¬ 
sults  and  Figs.  II- 1-3,  this  appendix,  for  sand) 
shows  that  In  this  limited  region  both  the  sand  and 
clay  load  numerics  are  less  dependent  upon  tire  de¬ 
flections  than  lndicatedby  equations  (l)and(2),  and  may 
be  better  approximated  by: 

For  Clays  -  (3) 

u 

For  Sands  —  -  ‘  — —  (4) 

G  (bd)1/2  *»'*• 


Because  the  clay  tests  were  run  in  prepared  bins 
such  that  the  cone  Index  was  essentially  constant  with 
depth,  ”C”  may  be  Interpreted  tithar  as  an  average 
cone  index  over  some  depth,  or  as  the  inuroaptol 
a  straight  line  approximation  to  the  profile  (Fig.  II- 
5  a).  G,  consistent  with  the  latter  interpretation,  Is 
already  taken  as  the  slope  (Fig.  II- 5b).  Thus  the 
general  case  may  be  as  in  Figure  n-5c: 

Cl  ■  C  ♦  G  x.  (S) 

In  thlfc  case  the  average  for  the  layer  (O-r^would 
be: 

^(O-a,)  ‘  C  *  l/2G  *#  '  (•> 


400  *10  T 

UOtll  T 


It  may  now  readily  be  shown  that  the  separate  clay 
and  sand  numerics  (3)  and  (4)  might  be  considered 
as  end  points  of  a  single  numeric  of  the  form 
W, 


C1<o-.„)  b  d 


By  substituting  (6)  and  taking 
Zo  ■  ^b  d  t 
(7)  becomes 


C  b  d  ♦  1/2G  (bd) 


rfvivfi 


which  plainly  reduces  to  the  clay  numeric  (3)  when 
G"0,  and  to  the  sand  numeric  (4)  when  C»0. 

Condition  (8)  becomes  a  “critical  layer”  rule  for 
tires  In  either  sand  or  clay,  and  perhaps  for  the 
myriad  soils  between,  as  well.  To  explore  Its  rea¬ 
sonableness  In  this  role,  (8)  may  be  rewritten 


bit 


or,  since  for  the  normal  form  of  tire  with  which  the 
major  portion  of  the  tests  were  run 

h  *  b,  (11) 


*It  Is  interesting  to  note  that  a  similar  form  for 
the  controlling  numeric  was  proposed  by  Nuttall  In 
1951  on  the  basis  of  dimensional  reasoning  applied 
to  the  equations  for  rolling  resistance  of  wheels 
in  soils  derived  from  the  Bernstein  sssumptlons  [22]. 


I* '****;*■ 


^ » \\VsV  \  v  %\v  n"  *«V  *  -  •  * 1  ■  •  -  •  4  "  .  *  „  » j  *  u  >.  I ■ Vv  *  j  ■  -i 


Thus  condition  (8),  interpreted  as  a  layer  rule, 
suggests  that  the  proper  depth  to  be  averaged  is  of 
the  order  of  the  minimum  planar  dimension  of  the 
hard  surface  contact  area,  which  is  reasonable. 

As  a  necessary  (but  clearly  not  sufficient)  check 
on  the  validity  of  the  combined  numeric  (9),  the  towing 
resistance  data  tabulated  by  Freltag  (with  the  sand 
values  reduced  by  a  constant  R/W  «  0.04,  to  eli¬ 
minate  —  quite  arbitrarily  --  this  thus  far  unex¬ 
plained  anomly  In  the  sand  data)  were  consolidated 
on  that  basis.  The  results,  shown  In  Figure  XI-6 


where  L  ■  the  hard  surface  contact 

length  of  the  deflected  tire 


Again  for  conventionally  proportioned  tires  over  the 
full  practical  range  of  deflections, 

0.6  b  <  1/2  <  1.2  b.  (14) 


and 


r  -  undeflectcd  tire  radius 


are  presentable.  The  (act  that  the  multiplier  (1/2) 
applied  to  the  "G”  term  In  the  denominator  (eq.  0) 
appears  appropriate  Is  particularly  encouraging. 
The  pooled  data  are  reasonably  well  fit  by  the  equa¬ 
tion 


m2\= 

Lei, 


(o  -  v/TTD- 


where  qn 


Sl- 

b  r 


the  noainal  unit 
ground  pressure  for 
a  wheel, 


The  theoretical  value  proposed  by  Drucker  and 
others  (or  rigid  wheels  in  plastic  clays  Appendix 
I,  eq.  (15)  reduced  to  cone  index  terms  by  using 
Appendix  I,  eq.  (29)'  is 


*s 

*7 


(16) 


This  Is  also  shown.  While  not  as  good  a  (It  to  the 
data  as  equation  (15),  It  does  quite  well,  especially 
(or  the  sand  results. 
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Explanation  of  Code 


Grenada  Lake,  Mis*. 
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Centennial  Lake, 

Miss, 
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Self-propelled 
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See  Table  III-2 


Explanation  of  Code 


All  pass  numbers  above 
zero  Indicate  immobi¬ 
lized  pass  except  pass 
Ho.  51  which  indicsites 
vehicle  was  not  immo¬ 
bilized. 


When  the  water  table  of  a  test 
area  is  at  the  ground  level, 
it  is  recorded  as  000.  All 
water  table  measurements  are 
in  inches. 

When  three  or  more  nines  appear 
in  any  column  it  is  understood 
that  the  soil  data  given  for 
that  test  were  collected  in 
undisturbed  soil,  and  that  the 
vehicle  data  were  collected 
during  the  first  pass. 

Usually  in  a  uniform  test  area 
one  set  of  soil  measurements 
vas  made  and  used  in  conjunction 
with  several  vehicle  tests  con¬ 
ducted  in  the  area.  For  this 
reason  soil  measurements  are 
repeated  for  more  than  one  test 
in  the  data  summary  tables. 
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APPENDIX  V 


AN  APPROXIMATION  FOR  THE  EFFECT  OF  SHAFT 
SIZE  UPON  CONE  INDEX  MEASUREMENTS 


Approximately  half  way  through  the  test  program, 
It  was  decided  by  WES  to  modify  the  shaft  diame¬ 
ter  of  the  standard  WES  cone  penetrometer.  The 
Instrument  in  use  until  this  time  had  a  S/S"  dia¬ 
meter  shaft,  and  It  was  strongly  suspected  that  shaft 
drag  during  deep  penetration  in  weak  soils  was  con¬ 
tributing  significantly  to  the  resistance  to  penetra¬ 
tion  being  measured  (at  the  top  of  the  shaft),  and  pre¬ 
viously  presumed  to  be  cone  resistance.  Accordingly, 
shaft  diameter  was  reduced  to  3/8".  It  was  desired 
to  express  the  results  of  this  study  in  terms  of 
measurements  of  the  new  standard  instrument.  In 
or'W  to  do  so,  both  Instruments  were  used  side-by- 
side  for  the  remainder  of  the  program. 

The  results  of  these  simultaneous  tests  are  shown 


in  Figures  V-l-5,  In  which  the  Indications  at  both 
Lake  Centennial  and  Grenada  Lake  of  the  Instru¬ 
ment  with  the  5/8"  diameter  shaft  are  plotted  as 
functions  of  measurements  with  the  new  standard 
Instrument  for  the  0-6",  3-9",  6-12",  9-15",  and 
12-18"  layers,  respectively.  While  there  Is  consider¬ 
able  scatter,  the  following  approximate  relation¬ 
ships,  plotted  in  the  appropriate  figures,  appear 
reasonable: 


0-6" 

Cli/e 

m 

Cls/e  *  0 

5-9" 

cij/$ 

m 

CI5/I  -  3 

6-12" 

CI3/. 

m 

CI5/8  *  6 

9-15" 

ch/i 

m 

Clj/a  -  9 

12-18" 

ch/i 

m 

CIs/i  -  12 

dicated 
as  part 


APPENDIX  VI 


THE  RELATIONSHIP  OF  CONE  INDEX  TO  SOIL 
DIRECT  SHEAR  STRENGTH 


It  is  recognized  that  a  vehicle  develops  traction 
in  soils  through  direct  shearing  action  of  the  soil  at 
the  mechanical  vehicle/ soil  interface  and/or  through 
friction  and/or  adhesion  between  the  vehicle  running 
gear  and  the  soil.  Accordingly,  a  relationship  between 
soil  direct  shear  properties  and  cone  Indices  is  use¬ 
ful  in  the  context  of  this  study. 

Traction  (T)  is  conventionally  treated  in  terms 
of  Mlcklethwalt’s  [10]*  adaptation  of  Coulomb's  equa¬ 
tion 

T  ■  S  [c  ♦  qn  tan  4]  (1) 

where  S  ■  contact  area 

qn  -  nominal  unit  ground  pressure 

c  «  effective  soil  cohesion 

and  «  «  effective  soil  angle  of 
internal  friction 

or,  where,  because  of  the  running  gear  design,  shear 
failure  occurs  at  the  soil/gear  Interface  rather  than 
within  the  soil,  by 

T  -  S  [a  ♦  qn  •  f]  (2) 

where  a  ■  soil  to  gear  material 
adhesion 

and  f  ■  soil  to  gear  siaterial 
friction. 

An  aggressive  track  will  develop  traction  according 
to  eq.  (1);  a  smooth  track  or  tire,  according  to  eq. 
(2).  A  normally  aggressive  off-road  tire,  or  a  track 
with  substantial  road  pads,  will  develop  part  of  its 
traction  via  eq.  (1),  part  by  eq.  (2),  in  accordance 
with  the  distribution  of  its  total  effective  contact 
area  between  soil  trapping  and  smooth  elements. 

On  tne  usual  assumption  that  the  cone  index  ex¬ 
presses  directly  the  bearing  capacity  of  a  friction- 
less,  weightless,  plastic  soil,  the  relationship  between 
cone  index  and  soil  direct  shear  strength  becomes, 
for  flat  plate  and  at  the  surface,  according  to  plasti¬ 
city  theory  [of.  IS] 

Cl  a  S.7  c 

where  c  *  soil  cohesion  (psi) 


•See  References,  p.  S3  in  main  body  of  report. 


Evans  [16]  has  published  results  from  tests  in  heavy 
plastic  clays  Indicating  that 

Cl  *i  c  | 

and  Smith's  [17]  data,  from  tests  in  a  wider  range 
of  fine-grained  soils,  suggests  that 

Cl  *  12. S  c  . 

Throughout  the  present  study  a  Cohron  shear- 
graph  [S]  was  used  to  obtain  direct  shear  para¬ 
meters  on  surface  soils  encountered  in  the  Held 
program,  and  during  a  special  series  of  "slipperi¬ 
ness”  tests.  Shear  graphs  were  also  used  in  con¬ 
current  WES  laboratory  studies  by  Meyer  [14]  and  by 
Smith  [13],  In  addition,  Haley,  of  the  ATAC  Land 
Locomotion  Laboratory,  ran  some  side-by-side  field 
tests  with  a  bevameter  [2S]  in  the  areas  where  some 
of  the  vehicle  tests  were  run  [26].  Comparative 
values  from  the  bevameter  and  the  shear  graph,  ob¬ 
tained  in  prepared  lanes  used  in  the  "sllpperlness” 
tests,  are  given  in  Table  VI-1.  Except  for  the  10 
July  data,  agreement  between  the  two  instruments 
on  tan  4  and  fr  is  good. 

However,  the  most  striking  feature  of  these,  and 
indeed  ail  of  the  in  situ,  torsional  shear  measure¬ 
ments  cited,  is  the  clear  dependence  in  "friction- 
less”  soils  of  shearing  resistance  upon  normal  load¬ 
ing  up  to  moisture  contents  of  the  order  of  the  At- 
terberg  liquid  limit.  Figure  VI-1  shows  a  number  of 
shear  graph  records  in  the  heavy  Vicksburg  buck¬ 
shot  cUy  (CH)  at  various  moisture  contents.  More¬ 
over,  as  illustrated  in  Table  VI-1,  the  zero  normal 
load  intercepts  were  generally  small  In  the  shear¬ 
er  arh  records  Qnterpretable  as  apparent  cohesion 
values  of  seldom  more  than  1  psi)  and  almost  non¬ 
existent  in  those  of  the  LLL  bevameter,  which  uses 
a  larger,  annular  shear  head. 

A  series  of  surface  traction  tests  were  under¬ 
taken  to  determine  the  degree  to  which  the  shear- 
graph  could  be  used  to  predict  drawbar  pull  per¬ 
formance.  The  tests  were  deliberately  run  under 
conditions  where  a  thin  layer  of  surface  soil  was 
made  wet  and  weak,  and  the  underlying  soil  body 
was  kept  sufficiently  strong  to  permit  the  assumption 
that  external  motion  resistance  was  nil,  and  hence 
that  measured  pull  equaled  traction.  The  procedure 
Is  described  In  the  body  of  the  report  on  page  13 
and  14;  the  data  are  summarised  In  Table  m-50 


111 
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n*. 
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The  results  showed  the  expected  trends,  but  had 
considerable  scatter,  due  to  a  number  ol  (actors: 

1)  the  test  courses  were  not  Ideally  uniform; 

2)  the  sheargraph  shear  head  only  sampled  ~ 
and  averaged  --  a  very  small  area  at  one  time; 

3)  the  action  of  both  the  vehicle  and  the  sheargraph 
when  the  surface  layer  was  very  weak  and  thin 
was  not  clearly  In  either  the  surface  layer  or  in 
the  hardpan; 

4)  In  situations  where  the  weak  layer  was  some¬ 
what  thicker,  the  sheargraph  appeared  to  op¬ 
erate  more  nearly  In  the  indeterminate  region 
between  layers  than  did  some  of  the  vehicles;  and 

5)  each  of  the  vehicles  had  running  gear  which  had 
both  grousered  and  relatively  smooth  areas 
(which,  of  course,  Is  common). 

In  the  absence  of  sharper  correlation  with  the 
proposed  equations,  It  was  decided  to  treat  the  shear- 
graph  measurements  simply  as  an  index  of  surface 
soli  shear  strength.  For  this  purpose,  the  measured 
shear  strength  (x)  at  10  psl  average  normal  loading 
(o),  divided  by  the  loading,  was  used;  Le., 

(t/o) JO 

where  the  subscript  Indicates  the  value  of  o  at 
which  the  ratio  was  evaluated. 

This  Index  showed  a  strong  correlation  with  soil 
moisture  content  In  the  sampled  layer,  as  would 
be  expected.  It  also  still  had  considerable  scatter. 
In  Figures  VI-2-5,  measured  vehicle  drawbar  per¬ 
formance  (D/W)  and  values  of  this  index  (for  the 
grousered  vane  shear  head  or  for  the  smooth  rubber 
shear  head,  as  appeared  appropriate)  are  jointly 
plotted  to  the  same  scale  as  functions  of  moisture 
content  of  the  surface  soil.  The  results,  while  not 
exciting,  Indicate  that  the  proposed  index  Is  related 
In  useful  degree  to  vehicle  traction.  They  also 
clearly  demonstrate  that  a  weak  or  "slippery”  sur¬ 
face  layer  can  reduce  performance  as  much  as  80 
percent  from  what  would  be  expected  from  deep 
measurements  made  to  determine  the  strength  of 
the  soil  mass  which  supports  the  vehicle’s  weight. 

As  this  study  drew  to  a  close,  preliminary  re¬ 
sults  from  a  concurrent  WES  study  of  the  “sllpperl- 
ness”  problem,  conducted  with  tires  In  the  AMRB 
laboratory  soil  bins  by  Smith,  became  available 
[13].  Smith’s  findings  were  generally  similar  tothose 


from  the  field  tests.  In  Figure  VI-6,  (t/oj^from 
Smith’s  tests  is  plotted  as  a  function  of  moisture 
content  in  the  surface  soil  layer,  and  in  Figure  VI-7, 
his  measured  (D/W)  values  with  one,  normal  tire 
are  plotted  on  the  same  basis.  Once  again  the  scatter 
In  sheargraph  results  is  large,  but  does  not  totally 
obscure  what  appears  to  be  a  usefully  strong  and 
direct  correlation  between  the  sheargraph  Index  and 
measured  tractio.i. 

On  the?  strength  of  these  demonstrations,  a  gen¬ 
eral  correlation  was  sought  between  the  lndex(t/o)10 
as  determined  by  sheargraph  measurements,  and  cone 
index.  Both  extensive  field  data,  in  which  cone  pene¬ 
trometer,  sheargraph,  and  moisture  content  data  were 
concurrently  taken,  and  preliminary  results  of  still 
another  WES  laboratory  study  by  Meyer  [14]  were 
available  for  this. 

Meyer’s  data  showed,  for  carefully  prepared, 
uniform,  fully  remolded  samples  of  a  large  number 
of  fine-grained  soils,  variations  In  cone  Index,  in 
c  and  tan  ♦  as  determined  by  the  sheargraph  (and 
In  several  other  properties)  as  functions  of  moisture 
content.  From  these,  the  Index  (t/o)  was  calculat¬ 
ed  and  correlated  via  moisture  content  to  cone  Index. 
Figures  Vl-8  and  VI-9  illustrate  cone  Index  and 
(t/o). o  respectively  as  functions  of  moisture  con¬ 
tent  for  one  CH  soli,  as  developed  from  Meyer’s 
report.  Figure  VI- 10  Illustrates  the  resulting 
(t/o)  IQ  versus  Cl  relationship. 

All  of  the  curves  developed  in  this  way  were 
similarly  shaped,  suggesting  that  a  simple  exponen¬ 
tial  decay  curve  of  the  form 

(T/o)  10  -  K,  (1  -  e‘K*CI)  (3) 

where  Kj  and  Kg  are  curve  fitting  parameters, 
might  usefully  be  fit  to  them.  One  such  Is  shown  In 
Figure  VI-9.  In  order  to  Investigate  the  possible 
Importance  of  the  deviation  between  the  algebraic 
expression  fitted  and  the  original  relationship,  arbi¬ 
trarily  adjusted  curves  of  CT/°)10  and  (Cl)  were 
backplotted  to  the  original  data,  with  the  results 
Illustrated  by  the  dotted  lines  In  Figures  VI-8  and 
VI-9.  It  was  judged  that  such  deviations  were  gen¬ 
erally  within  the  data  scatter  band. 

Six  additional  fine-grained  soils  from  Meyer's 
data  were  selected  and  similarly  treated.  The  designa¬ 
tion  of  each  and  Its  USCS  classification,  Atterberg 
limits,  and  the  value  of  “Kg”  [in  eq.  (3)] assigned, 
are  tabulated  In  Table  VI-2.  Note  that  the  constant 
”Ki”  in  eq.  (3)  was  assigned  the  value  of  1.0  In 
the  course  of  these  analyses.  All  of  the  soils  did 
not  approach  this  single  value  asymptotically.  How- 


T*»U  »»•» 

tells  Item  M*r*r  (HI 

t*  Which  Curt*  |i/i)„  •  (1  -  •"•'!)  Fit. 


117 


iflMuiMil 

■■■■■iiiln 

■■■■■■■PH 

asam 


MHH 

■■■■■ 1 

IHBIBB 


iHSftSNwnunsffi 


■■■■■■»■  i 

■RiniM 

■■■■■DM 
niaHBHMj 

■■■■ 

UKjjjUSi 


Fig.  VMS 


SBBSSBnl 

■■uni 

lll.lllllfll 

IBHlIGiaUHHil 


.•Jll-mii 

wm 

1«MI 


IUI 

i-rnrf 

Him 


(HI 


m 


3m 


[■■Mil 

llllirillll 


|.  VM7 


[V 


ever,  the  range  was  not  large  (0.8  to  1.2)  and  It 
was  considered  that  for  present  purposes  the  gain 
in  simplicity  of  reducing  the  parameters  to  one  far 
offset  any  loss  in  apparent  precision. 

Available  field  data  were  similarly  treated.  On 
the  assumption  that  the  soil  body  was  uniform  with 
depth  to  12  inches,  except  In  moisture  content, 
recorded  0-12-inch  average  cone  Indices  (with  the 
50  percent  remolding  correction  thought  appropriate 
to  the  one-pass  problem  applied)  and  concurrently 
taken  moisture  contents  over  the  same  depth  were 
used  to  establish  the  o.SRC1  versus  MC  curves, 
while  the  (x/o)1Q  versus  MC  curves  were  developed 
from  0-3-lnch  layer  moisture  content  and  concurrent 
shear  graph  data  taken  In  the  same  area.  The  re¬ 
sults  for  the  CH  soil  are  shown  In  Figures  Vl-U-13, 
and  for  the  (CL,  ML)  soil  In  Figures  VI-14-16. 

The  final  curves  from  the  several  analyses  are 
consolidated  In  Figure  17.  In  the  range  of  cone  Index 
values  of  prime  Interest  In  predicting  the  first-pass 
performance  of  reasonably  mobile  vehicles,  say  from 


0-40,  each  of  the  curves  shown  could  readily  be  re¬ 
placed  by  a  simple  straight  line  function 

(x/o) io  ■  Kj(CI)  (4) 
where  K3  lies  between  about  0.01  and  0.03  and  has 
the  dimensions  (psl)~l. 

In  order  to  make  a  jrude  Judgment  on  the  rela¬ 
tionship  of  this  expression  to  those  quoted  at  the 
outset  of  this  discussion,  it  may  be  assumed  (In 
the  face  of  all  the  evidence)  that  x  is  entirely  co¬ 
hesive.  In  this  case 

(x/o) jo  *  c/10 

and  from  (4) 

Cl  -  c/lOK, 

which,  for  the  range  of  values  of  K3  suggested,  In¬ 
dicates  that 

Cl  -  3.3  c  to  10  c, 
which  Is  familiar,  at  least. 


.* 

M 


APPENDIX  VII 


AN  APPROXIMATION  CONCERNING  THE  SKID 
STEERING  OF  TRACKED  VEHICLES  IN  WEAK  SOILS 


Normal  two-tracked  vehicles  are  steeredby  “skid- 
steering,"  in  which  the  moment  required  to  change 
the  vehicle  heading,  against  the  resistance  princi¬ 
pally  of  forces  developed  within  the  ground/vehicle 
contact  surface,  Is  generated  by  increasing  the  thrust 
developed  by  the  outside  track  over  that  developed 
by  the  track  on  the  Inside  of  the  turn.  This  is  normally 
done  by  changing  the  speed  ratio  between  the  two 
tracks,  and  in  more  sophisticated  vehicles  involves 
but  little  power  loss  due  to  the  use  of  various  "geared- 
steer”  or  regenerative  track  speed  control  systems. 
If  the  vehicle  Is  to  maintain  headway,  however,  total 
forward  thrust  must  be  maintained,  which  implies 
that  the  outer  track  must  develop  more  traction  In  a 
turn  than  In  straight-ahead  operation.  Thus 

To  4  T1  '  R8  (1) 

and  (To  -  T^)t  -  Mp  (2) 

where  T  «  traction  developed  by  the 
outside  track 

T.  ■  traction  developed  by  the 
inside  track 

Rg  ■  external  notion  resistance 

M  •  moment  resisting  rotation 
of  the  vehicle,  which  at 
slow  speeds  is  developed 
largely  in  the  vehicle/ 
ground  contact 

and  t  -  the  tread  of  the  tracks, 
center  to  center. 

Eliminating  Tj  between  (1)  and  (2) 

To  -  1/2  ♦  Rg)  (5) 

When  a  vehicle  is  operating  in  limiting  soil  conditions 
(RCIj  »  VCIj),  the  maximum  traction  which  the  soil 
will  support  is  already  being  developed  at  each  track, 
so  that  the  added  increment  at  the  outside  track 
required  to  steer  (M./2t)  may  be  expected  to  bring 
on  immobilization.  Alternatively,  if  the  vehicle  is  to 
remain  free  to  maneuver,  RCIi  must  be  somewhat 
more  than  VCIi. 

This  problem  has  not  been  adequately  treated, 
but  a  firet-order  estimate  of  this  effect,  based  upon 
grossly  simplified  statics  of  the  situation,  has  sug¬ 
gested  that  it  is  large,  particularly  In  marginal 
conditions  [29],  This  treatment  neglected  the  ef¬ 


fects  of  track  slip,  both  radially  and  tangentially. 
A  vehicle  operating  in  marginally  weak  soils,  how¬ 
ever,  will  be  operating  with  considerable  longitudinal 
slip. 

In  order  to  examine  the  order  of  performance 
change  when  track  slip  ie  considered,  the  model 
employed  some  years  ago  by  Steeds  [30]  may  he 
employed.  In  its  simplest  form,  this  model  assumes 
that  ground  contact  forces  behave  in  the  manner  of 
dry  friction;  l.e.,  are  of  constant  magnitude  for  any 
given  Incremental  track  area,  regardless  of  their 
ultimate  direction,  and  act  in  a  direction  opposite 
to  that  of  the  net  velocity  vector  of  that  incremen¬ 
tal  area  in  relation  to  the  ground.  Although  it  lit  ob¬ 
vious  that  such  a  simple  "friction  circle”  can  be 
no  more  than  a  crude  approximation  to  the  true 
behavior  of  an  actual  track  in  a  real  situation  In¬ 
volving  such  elements  as  sink  age  and  rutting,  di¬ 
rectional  grousers,  and  non-uniform  pressure  and 
traction  distributions  over  the  contact  area,  it  may 
be  used  for  present  exploratory  purposes. 

Figure  VII- 1  illustrates  a  single  track  contact 
patch  rotating  at  a  forward  (tangential)  speed,  V, 
about  a  center  “0”  on  a  radius  “rt”  and  proceed¬ 
ing  with  slippage 
V,  -  vt  -  V 

where  V(  -  tangential  slip  speed 
and  Vt  ■  track  speed 

Assume  for  simplicity  that  elements  along  the  track 
centerline  are  adequately  representative  of  the  entire 
track  width,  and  that  maximum  traction  (T)  is  deve¬ 
loped  uniformly  along  the  track  length.  At  any  section 
at  a  distance  x  from  the  normal  through  "0,” 

tan  a  ■  g 

*t 

and  Vi  "  cos  • 

The  net  longitudinal  speed  (rearward)  is 
V,  -  vt  -  V 

and  the  net  lateral  speed  (outward  in  this  quadrant) 
Vy  ■  V |  sin  •  •  V  tan  «  . 

Accordingly 


(6) 


» 


SIMPLIFIED  DIAGRAM  OF  SLIP  RELATIONSHIPS 
UNDER  A  TRACK  TURNING  AGOUT  CENTER  *0*. 

Fig.  VIM 


V  y  V 

TW  S  -  ^  ^  EW 


1-S 

pr  tan  •  ■  i  (  -■■») 
r  *3 

Where  Sj  is  the  normally  defined  slip  ratio 


where  the  joint  radlus-ratlo/sllp  parameter 


Equations  (4)  and  (5)  are  plotted  as  functions  of  N 
in  Figure  VI1-2.  To  obtain  an  idea  of  the  normal 
range  of  values  found  in  practice,  consider  the  M29C 
Weasel  Hi  a  tight  turn,  for  which  2r  /lm 8.  (The 
slight  difference,  ♦  10%,  in  ratio  value  between  Inner 
and  outer  tracks  is  neglected.)  Then, 


for  sj  -  0.05 

N  =  0.42 

T' -  0.67 

Mr  >0.80 

0.10 

0.89 

T  0.86 

l.T  0.57 

0.20 

2.00 

0.96 

4  0.31 

0.30 

3.43 

0.99 

0.20 

0.40 

5.33 

1.00 

0.11 

0.50 

8.00 

1.00 

0.06 

Thus,  when  operating  at  20%  slip,  traction  available 
Is  a  full  96%  of  the  nominal  static  value,  but  the 
moment  resisting  turning  Is  only  31%  of  its  static 
v»Jue.  This  is  far  from  a  negligible  effect.  Equa¬ 
tion  (3)  may  now  be  evaluated.  From  the  preceding 


T  i 

T  -  T  (i  ) 
o  Bax  x 


and 


thus 


or 


—  •  i  .  T  •  L  (”l_) 
t  t  max  4 

ti  /  M 

2Tm.x(f  >  ‘  Ti  *  T.ax  (r~ ;)  * 

T,t 

T..x  [(t  }  *  it  (rf7)] 


R 
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From  the  report  proper 


(eq.  2«) 
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3  “ 
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v_ 

Vt 


Net  traction  (T')  available  over  the  track  length 
s.r, 

Ul  Is  then  (letting 

1-s. 


T' 


pi 

J  o  t 


cos  l  dx  • 


A 

2aT  f 7  x*ix 
^  o  vxz  ♦  a2 


and,  for  one  track, 

t...  •  i  [»■’  ‘.(5§H)]  *•  «*  »> 


Substituting  these  In  equation  (7),  and  assuming  the 
case  of  a  vehicle  proceeding  In  decidedly  marginal 
conditions  for  which  slip  may  reasonably  be  taken 
to  be  about  30% 


or 

J'-  N  sinh”1(i)  (4) 

where  T  -  maximum  traction  available 
in  straight  running. 


Corresponding  total  resisting  moment  Is 
A  t 

M  -  2  J 7  x  •  I  sin  I  4 x  •  £  f 7 

0  1  l  J0 

or  P  •  -  N  sinh*»(i) 

j  •  T  “ 


(S) 


(  (£')•  0.99, 


0.20  ) 


gives  the  controlling  soil  strength,  in  terms  of  vcij,  as 


(•) 


From  this  It  appearsthat,  contrary  to  what  has  usu¬ 
ally  been  assumed,  the  steering  ratlo|£/t)  has  but  little 
influence  upon  the  low  limit  of  soil  strength  (RCIj) 
required.  Furthermore,  taking  t/t?l  (normally 
an  absolute  maximum)  and  KT-  1 


Fig.  VI  1*2 


It  thus  also  appears  that  the  tact  of  skid  steering 
per  se  (at  reasonable  minimum  radii -say  2rt  >  8) 

T 


does  not  materially  change  the  limiting  lowest  soil 
strength  requirement. 

These  conclusions,  of  course,  are  dependent  upon 
the  adequacy  of  the  simple  model  used,  and  must 
be  treated  with  caution  pending  some  direct  experi¬ 
mental  verification. 
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